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SPECIFIC INTERACTIONS IN POLYURETHANE CATIONOMERS

Richard Joseph Goddard
Under the supervision of Professor Stuart L. Cooper

At the University of Wisconsin-Madison

Studies have shown that addition of cationic groups to a segmented polyurethane
can dramatically change physical attributes such as solution behavior, mechanical strength,
and viscoelastic properties. However, the specific interactions responsible for these
changes are not well understood. A series of polyether polyurethane cationomers were
synthesized using chain extenders with pendant trialkylammonium groups. The
morphology and properties of the cationomers were studied as a function of ion-related

variables using small-angle X-ray scattering (SAXS), tensile testing, dynamic mechanical
thermal analysis (DMTA), and differential scanning calorimetry (DSC). Ion content
affected phase separation and mechanical properties the most; the alkyl group length was
of secondary importance; and the type of neutralizing anion had essentially no effect.
Further, a lamellar microstructure typical of conventional polyurethanes was evident, with
no apparent aggregation of ionic groups.

When the cationomers were annealed at room temperature for a period of
approximately one month, DSC thermograms showed an endotherm centered near 70°C

which was not present in the unannealed polymer. Extended X-ray absorption fine




ii
structure temperature studies demonstrated that the endotherm corresponds to water
leaving the coordination shell of the anion.

Fourier transform infrared temperature studies were completed to gain further
insight into the nature of the specific interactions in these cationomers. Results showed
that the interurethane N-H to C=0 hydrogen bond found in typical polyurethanes was
replaced by a stronger interaction between urethane N-H groups and the neutralizing
anion. With no evidence of ionic aggregation, these interchain ties are apparently the
primary interaction which "hold the cationomers together." A reversible shift in N-H
hydrogen bonding, from the anion to urethane carbonyls, was observed on heating.

The flow transition in DMTA appears to be a direct consequence of this
redistribution of hydrogen bonds. Since the number of N-H to anion bonds responsible
for phase separation decreased at elevated temperatures, SAXS temperature studies and
dynamic viscoelastic measurements were performed to determine if the cationomers
passed through a microphase separation transition. Although considerable intersegmental
mixing accompanied macroscopic flow, evidence of the lamellar microstructure persisted

into the melt, and a homogenous phase was not observed.

Stuart L. Cooper Date
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Chapter I. Introduction

A. Chemistry and Structure of Conventional Polyurethanes

Polyurethanes (PU) are a broad class of condensation polymers characterized by
the urethane (-NH-CO-O-) linkage. The urethane linkage is formed by the reaction of
isocyanate-containing and hydroxy-containing monomers. Polyurethane chemistry offers
tremendous versatility, and an almosf limitless variety of chemical components and
compositions are possible. The resulting wide range of physical properties have led to
commercial applications of PUs in such areas as low-density flexible foams, rigid
structural foams, tough elastomers, high-performance thermoplastics, and durable
coatings.

PU elastomers belong to the family of linear multiblock copolymers of the type
(AB), where at the service temperature one block of the material is glassy or
semicrystalline, and the other block is soft or rubbery. In most cases, the soft segments
are oligomeric diols of polyethers or polyesters with molecular weights between 500 and
5000, while the hard segments are generally composed of an aromatic diisocyanate chain
extended by a low molecular weight diol. Unfavorable interactions between the two
segments lead to a microphase-separated structure where the hard domains act as physical
crosslinks and reinforcing filler. A primary driving force for microphase separation in
PUs is the higher polarity of the urethane segments as compared to the soft segments.
Phase separation is usually further enhanced by interurethane hydrogen bonds and/or
crystallization driving forces. Consequently, microphase separation can occur at segment

molecular weights lower than 1000 g/mol. This is in marked contrast to the amorphous
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styrene-diene block copolymers where due to weaker van der Waals driving forces,
microphase separation requires segment molecular weights approaching 10,000 g/mol.
The two-phase microstructure of PU elastomers was first reported by Cooper and
Tobolsky.! Since that time, the morphology of PU elastomers has been extensively
studied because of its strong influence on physical properties.>!! Both the domains and
the interdomain spacings of segmented PUs are generally on the order of tens to hundreds
of Angstroms, and phase separation is far from ideal. As such, a variety of
morphological features may contribute to the mechanical properties as indicated in the
schematic of Figure I-1. Possible structural components include hard segment crystallites
with varying degrees of order, amorphous hard segments, amorphous or semi-crystalline
soft domains with dissolved hard segments, soft segments within hard domains, and
interfaces between phases. Although the hard and soft domains have been directly
observed using electron microscopy,' the experiments are inherently difficult due to
factors such as the small domain sizes (less than ~ 100A), beam damage, and a lack of
long range order in the PU microstructure. A much more common technique for
analyzing the morphology of multiblock PUs is small-angle X-ray scattering (SAXS),
which provides information on domain sizes and arrangement, the degree of phase
separation, and the interfacial region.'**® Physical methods such as differential scanning
calorimetry'>” (DSC) and dynamic mechanical thermal analysis (DMTA)%2 provide

further morphological information on the purity and crystallinity of both phases.
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Figure I-1.  Schematic showing possible morphological features in a multiblock

polyurethane elastomer: (A) amorphous soft domain with dissolved hard segments,

(B-C) hard segment crystallites with differing degrees of order, (D) interface, and
(E) soft segments within hard domains.




B. Polyurethane Cationomers

Ionic groups have also been incorporated in the structure of segmented
polyurethanes to improve phase separation, hard domain cohesion, or the ability of the
polymer to emulsify or dissolve in polar solvents. When the concentration of ionic groups
is approximately 1 meq/g or less, the term polyurethane ionomer is used to describe the
material. PU ionomers may be further classified as anionomers, cationomers, or
zwitterionomers depending on which charge (negative, positive or both, respectively) is
covalently bonded to the polymer. Dietrich and co-workers? reviewed a variety of early
syntheses for ion-containing PUs. Two general schemes were presented. In the first,
ionic groups are introduced during the polymerization by chain extension with ionic diols.
An alternative strategy is to derivatize a previously prepared PU with suitable reagents.
Depending on the chemical structure, two different arrangements of ionic groups have
been observed in PU ionomers. Ionic groups may aggregate within an otherwise one-
phase matrix”"? (Figure I-2), or ionic aggregation may be superimposed on the already
present two-phase morphology (eg. Figure I-1) of the non-ionic precursor. 2

A modest number of previous investigations on polyurethane cationomers have
been reported.’*™™ Dijetrich and co-workers were the first to describe the synthesis and
properties of polyurethane cationomers.2 They found that PUs chain extended with
N-methyldiethanolamine (MDEA) lacked elastomeric character, passing directly from the
glassy state into viscous flow during shear modulus tests. Quaternization of MDEA
effectively crosslinked the material, increasing the tensile strength and modulus by factors

of 20 to 40, and extending the elastic temperature regime over 120°C. Interchain
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Figure I-2. Schematic of ionic aggregation in an amorphous polymer matrix.
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association of ionic groups were also observed in non-aqueous solutions of the
cationomers, with the apparent molecular weight determined from viscosity measurements
increasing rapidly with increasing concentration. Aqueous dispersions of similar PU
cationomers were prepared by Lorenz er al.* Aggregation of the ionic species was noted
in solutions of acetone. The first additions of water to the acetone solution disrupted the
physical network by solvating the ions, while further water addition increased the
associations of hydrophobic polymer segments. In the bulk state, the PU cationomers
behaved like crosslinked materials, with a linear dependence between the modulus and the
square of the ion concenﬁatioﬂ.

The first microstructural investigations of PU cationomers were completed by a
group of scientists at the Ukrainian Academy of Sciences. In a series of segmented PUs
with pendant quaternary ammonium groups, SAXS revealed no significant changes in
morphology with different halogen anions or between the cationomers and the unionized
control.? In these same polymers, Lipatov and co-workers® also found that an increase
in ion content improved phase separation, but otherwise affected the microstructure very
little. Wide-angle diffraction patterns showed no evidence of crystallinity before or after
quaternization, and ionization produced no new features in the SAXS patterns. The
interdomain spacing of a 70% neutralized cationomer was 20% greater than the unionized
control, but did not change as the extent of neutralization was increased to 100%.
Khranovskii ez al. studied the intermolecular interactions in oligourethanes with terminal
ammonium groups using infrared spectroscopy.® Changes in the spectral regions

sensitive to hydrogen bonding led them to conclude that the structure of hydrogen bonds
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betweén urethane N-H and C=0 groups that is found in conventional polyurethanes was
completely replaced by a new network of hydrogen bonds between the urethane N-H and
the counter anion. They later postulated that a wide variety of interactions existed,
including ionic aggregation and a number of hydrogen bonded and ion-dipole structures.*
Nierzwicki and Rutkowska® investigated the degree of microphase separation in a PU
cationomer versus a conventional polyurethane using dynamic mechanical studies and
proton nuclear magnetic resonance decay experiments. The cationomer displayed greater
phase separation, sharper interfaces, and less molecular motion within the hard.dom.m'ns;
however, use of a covalently crosslinked ionomer and a linear polymer as a control
complicated interpretation of results.

Al-Salah and co-workers investigated structure-property relationships in PU
cationomers formed by the quaternization of PUs chain extended with N-alkyl
diethanolamine (ADEA).® Variations in physical properties with molecular weight of the
soft segment and isocyanate type were the same as in conventional PUs. Mechanical
properties improved significantly with increasing ion concentration and decreasing carbon
number of the ADEA alkyl group, while the type of organic acid used as the quaternizing
agent had less of an effect. Structure-property relationships were also investigated by
Chan and Chen in multiblock PU cationomers with MDEA as the chain extender.*™#! In
their polymer systems, the unionized controls already displayed a high degree of phase
separation. Consequently, dynamic mechanical analyses showed insignificant changes in
phase separation when the polymers were quaternized. Addition of cationic groups did

however improve hard domain cohesion, as evidenced by an increase in the tensile
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modulus with increasing ammonium concentration. The effect of isocyanate type on
mechanical properties was again comparable to that in conventional polyurethanes.

A few investigators have reported novel syntheses of PU cationomers, with
characterization generally only of the reaction products. Buruiani and co-workers
synthesized cationomers by quaternizing a PU with piperazine rings in the chain
backbone, and noted a polyelectrolyte effect in dilute solutions of N ,N-
dimethylformamide.” Tanaka and Nakaya observed liquid crystalline behavior in some
PU cationomers with quaternary ammonium groups in the main chain and long alkyl side
chains; the polymers consisted only of diisocyanate and low molecular weight diols (i.e.
they were not segmented).”  Multiblock PU cationomers containing pendant
trimethylammonium groups were synthesized using ionic diols by Varma er al.,* while
Chattopadyay and co-workers introduced pendant triethylammonium groups using halide-
containing chain extenders followed by ionization of the base PU with triethylamine.*

In general, the previous studies have shown that addition of cationic groups to a
polyurethane can dramatically change physical attributes such as solution behavior,
mechanical strength, and viscoelastic properties. Although a few investigators have
proposed models to explain such effects, the nature of the interactions in these materials
are not well understood. Research presented in this thesis was directed toward two goals.
The first was to systematically investigate the effect of jon-related variables on the
microstructure and physical properties of polyurethane cationomers. The second goal was
to obtain a greéter fundamental understanding of the specific interactions in these systems

and the temperature dependence of those interactions. Knowledge from such
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investigations is important in the development of new and improved materials, and in
tailoring polymer properties by varying processing conditions.

The synthesis of the novel polyurethane cationomers used throughout the thesis is
described in Chapter II. Cationomers with pendant trialkylammonium groups, as opposed
to ionic functionality in the polymer backbone, were chosen for study since the pendant
ion-pair might augment specific interactions through its greater accessibility. Chapter 11
also details the experimental protocol used to characterize the cationomers and their
behavior. The effects of ion content, alkyl group length, and neutralizing anion on the
microstructure and physical properties of the PU cationomers are reported in Chapter III.
A number of parameters commonly varied in PU structure-property investigations (such
as hard segment content, isocyanate type, soft segment type or molecular weight) were
not studied, since these variables are not ion-related, and earlier studies have indiéated
that the effects of these variables are the same as in conventional polyurethanes.

Results of Chapter III prompted further investigation into a number of areas related
to the nature of the specific interactions in these systems. During the initial
characterization of these materials, DSC showed the development of a small endothermic
peak at approximately 80°C when the quaternized polymers were stored at room
temperature for a period of approximately one month in a desiccator filled with dry
calcium sulfate. Some authors have suggested that a similar "room temperature annealing
peak” in other ionomers was related to the development of order within ionic aggregates.
Using the extended X-ray absorption fine-structure (EXAFS) technique, this phenomenon

was investigated in the PU cationomers as described in Chapter IV. Additional insight
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into the various interactions found in PU cationomers was provided by the Fourier
transform infrared (FTIR) temperature studies of Chapter V. Spectral deconvolution and
mass balances were used to obtain semiquantitative information on the distribution of
specific interactions in the cationomers as a function of temperature and ion content.
Results at elevated temperatures showed a marked decrease in the interaction primarily
responsible for phase separation in the quaternized PUs. Because of this, the morphology
of the PU cationomers was studied as a function of temperature using SAXS and dynamic
viscoelastic measurements. A discussion of the experimental results is presented in
Chapter VI. In Chapter VII, the major conclusions are summarized and further research

in related areas is recommended.
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Chapter II.  Experimental Methods

A. Materials and Syntheses

A.1. Materials. N,N-dimethylacetamide (DMACc) (Anhydrous, 99+ %, Aldrich)
was used as received. Diphenylmethane-4,4’-diisocyanate (MDI) (Polysciences) was
melted and pressure filtered at 60°C to separate the monomer from dimers, then stored
at -20°C until required. 3-dimethylamino-1,2-propanediol (DMP), 3-diethylamino-1,2-
propanediol (DEP), 3-dipropylamino-1,2-propanediol (DPP), iodomethane, iodoethane,
1-iodopropane (Aldrich), stannous octoate (Air Products), sodium bromide, sodium
chloride, ammonium fluoride, magnesium sulfate, toluene and absolute methanol
(Mallinckrodt) were used as supplied by the manufacturers. Polytetramethylene glycol,
I:-/In =990 (PTMO) (QO Chemicals) was freed of water by azeotropic distillation in a 10:1
(v/v) ratio of DMAc and toluene immediately prior to use. |

Model compounds used in the extended X-ray absorption fine structure (EXAFS)
study were tetramethylammonium bromide, sodium bromate, and carbon tetrabromide
(Aldrich). The first two were dried in a vacuum oven to remove any absorbed water
before use, while the latter was used as received. A 90% polyethylene/10% bromine
compound mixture by weight was compression molded into disks at 130°C and 60 MPa
for 4 minutes. Preparing the model compounds in this manner allowed for easy insertion
of the sample into the path of the X-ray beam.

A.2. Synthesis of 3-trimethylammonium-(1,2-propanediol)iodide (TMPI).
15.0 g (0.126 mol) of DMP in 200 mL of toluene was heated to 40°C under constant

agitation and an argon purge. Addition of 35.8 g (0.252 mol) of iodomethane,
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approximately 200% of theoretical, resulted in rapid precipitation of TMPI in the form
of a white powder. The mixture was allowed to cool to room temperature and kept under

stirring in an argon atmosphere for 1 h. The product TMPI was filtered, washed with

fresh toluene, recrystallized from a minimum of absolute methanol, and washed with

toluene again. A similar procedure for TMPI synthesis was previously reported by
Varma et al.*  Yield=95%. 'H NMR (D,0): 6 2.48 (s, 2H, -CHOH-, CH,0H, broad);
1.99-2.03 (m, H, -CHOH-, broad); 1.08-1.32 (m, 2H, -CH,0H, m, 2H, -N*CH,-);
0.95 (s, 9H, CH;-).

A.3. Synthesis of 3-triethylammonium-(1,2-propanediol)iodide (TEPI).
10.0 g (0.068 mol) of DEP in 50 ml of toluene was heated to 85°C under constant
agitation and an argon purge. Excess iodoethane, 21.2 g (0.136 mol), was added and
after 10-20 min a small amount of cloudy TEPI precipitate was observed. The reaction
mixture was kept under stirring, reflux, and an argon purge at 85°C for 20 h. The
reaction was shielded from light to avoid yellowing of the product. Filtering and
purification of TEPI was the same as for TMPL.  Yield=98%. 'H NMR (D,0): & 2.44
(s, 2H, -CHOH-, CH,0H, broad); 1.86-1.89 (m, H, -CHOH-, broad); 0.98-1.32 (m, 2H,
-CHZOH, m, 2H, Et;N"CH,-, m, 6H, CH,CH,-); "1.09-1.02 (t, 9H, CH,CH,-).

A.4. Synthesis of 3-tripropylammonium-(1,2-propanediol)iodide (TPPI).
10.0 g (0.057 mol) of DPP in 50 ml of toluene was heated to 100°C under constant
agitation and an argon purge. Excess iodopropane, 19.4 g (0.114 mol), was added and
the reaction mixture was kept under stirring, reflux, and an argon purge at 100°C for

20 h. The reaction was shielded from light to avoid yellowing of the product. At the end
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of 20 h, TPPI was present in the bottom of the reaction flask as a viscous light-yellow
liquid. Filtering and purification of TPPI was the same as fc;r TMPI, except that
refrigeration was necessary to crystallize TPPI.  Yield=90%. 'H NMR (D,0): 6 2.44
(s, 2H, -CHOH-, CH,0H, broad); 1.84-1.87 (m, H, -CHOH-, broad); 0.84-1.26 (m, 2H,
-CH,OH, m, 2H, Pr,N*CH,-, m, 6H, CH,CH,CH,-); 0.71-'0.56 (m, 6H, CH,CH,CH,-);
1.45-1.38 (t, 9H, CH,CH,CH,-).

A.5. Polymerizations. Segmented polyurethanes were synthesized by the two-
step addition reaction outlined in Figure II-1. All polymers were based on 3/2/1 molar
ratios of MDI/chain extender/PTMO. In the first step, a solution of 50% (w/v) MDI in
DMAc was added to a stirred 10% (w/v) solution of PTMO in DMAc at 65°C under a
dry argon purge. Stannous octoate, 0.15 wt% based on reactants, was then added to
catalyze the reaction. After 1 h at 65-70°C, the chain extender was slowly added from
a 20% (w/v) solution in DMAc over a 20 min period. 3-dialkylamino-1,2-propanediols
were mixed with the corresponding 3-trialkylammonium-(1,2-propanediol)iodide (TAPI)
at 0-100 mol% to vary the ionic content of the polyurethanes. Stirring was continued at
80-85°C for 4 h, then at 90°C for 1 h. Non-ionic polymers were precipitated in a 2:1
mixture of deionized water:methanol, then washed with methanol. Polyurethanes chain
extended with cationic diols were precipitated in toluene. Polymers were dried 12-18 h
in a 65°C convection oven, followed by 2 days in a vacuum oven at 55-60°C. All

materials studied have a nominal hard-segment content of 50%.
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B. Sample Nomenclature

The sample nomenclature used throughout the thesis for the polyurethane
catiox;omers is R-###-X where R represents the alkyl groups on the diol nitrogen
(M=methyl, E=ethyl, P=propyl), ### is the mole percent of quaternized amine chain-
extender (0, 50, or 100), and X is the halogen anion (I, Br, or Cl) if present.
Concentrations of ionic groups ranged from 0.44-0.47 meg/g to 0.82-0.88 meq/g for the
R-50-I'and R-100-I series, respectively. The sample designated PU-BD is a conventional
polyurethane elastomer (Dow Chemical) of MDI/butanediol (BD)/PTMO (1;1,,=1000),

where the molar ratio of the respective components is also approximately 3/2/1.

C. Ion Exchange

All polyurethane cationomers were synthesized with T as the counter-anion. A
first attempt at ion exchange was made with a strongly basic ion exchange resin,
Amberlyst® A-26 (Aldrich). The polymer E-100-1 was dissolved in 2:1 w/v)
toluene: methanol and passed through the resin to replace I" with OH", then neutralized
with stoichiometric amounts of 0.1 M HBr, HCl, HF, and H,S0O,. This procedure proved
unsuccessful as all samples (including the OH™ form) became extremely brittle,
presumably a result of chain degradation.

Polyurethane cationomers with bromide or chloride counter-anions were
successfully prepared via a modified version of a procedure described by Kohjiya et al.*
About 5 g of polymer E-100-I was dissolved in 50 ml DMAc, then precipitated into

500 ml of a near-saturated solution of sodium chloride or sodium bromide. The
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dissolution and precipitation was repeated a second time, followed by repeated washings
with deionized water. Exchange efficiencies greater than 99%, with over-neutralization
less than 10%, was indicated by elemental analysis (Galbraith Laboratories) for bromide
and chloride ions as seen in Table II-1. Since an exchange efficiency of only ~20%
resulted with ammonium fluoride or magnesium sulfate, no further characterization was
performed on polymers E-100-F or E-100-SO,.

The sample M-100-Br, used only in EXAFS experiments, was polymerized by the
proceduré given in section A.5 using the chain extender 3-trimethylammonium-(1,2-
propanediol)bromide (TMPBr). Even though over-neutralization during ion exchange with
NaBr was slight, any excess salt could adversely affect EXAFS results. TMPBr was
synthesized via an analogous procedure to A.2, except the reaction was carried out at 5°C
for 3 hours, and the quaternization agent was a 2.0 M solution of bromomethane in

diethyl ether (Aldrich).

D. Characterization

'H-NMR spectra of synthesized monomers were recorded on a Bruker WP-200
(200 MHz) using tetramethylsilane and methyl sulfoxide as external standards. To
prepare samples for tensile testing, differential scanning calorimetry (DSC),
thermogravimetric analysis (TGA), infrared temperature studies, and dynamic mechanical
thermal analysis (DMTA), polymers were solution cast from anhydrous DMAc into thin
films. Most of the solvent was evaporated with dry air at 50°C; residual solvent was

removed by placing the films in a vacuum oven at 50-55°C for 4 days, then at room
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Table II-1

Ion Exchange Results

wt% X2 Percent® Exchange?
Sample (Theory)  wt% X*° wt% I® ppm Na*®  Excess Efficiency

E-100-1 10.82 11.01 - - -- --

E-100-Br 7.10 6.65 <0.01 68 <0.1 >99
E-100-Cl 3.28 3.35 0.03 2700 8.2 99
E-100-F 1.78 0.37 8.62 -~ -- 20
E-100-SO, 1.46 0.62 8.56 -~ - 21

* X = Halogen ion or sulfur atom after exchange

® From elemental analysis

© Excess neutralization determined from [wt% Na*/wt% X (theory)1*100
9 Exchange efficiency estimated by [(10.82-wt% I17)/10.82]*100
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temperature for 1-3 days. For EXAFS, small-angle X-ray scattering (SAXS), and

rheological measurements, each cationomer sample was compression molded for 4
minutes at 60 MPa and a temperature 15-25°C above the location of the highest observed
maximum in loss modulus according to DMTA. PU-BD was molded at 200°C to
minimize degradation.*’

D.1. Tensile testing. Uniaxial stress-strain data were obtained on films
approximately 0.2 mm thick using an Instron Model TM at a crosshead speed ofl3
mm/min. The Instron was interfaced to a personal computer for automatic data
acquisition. Samples were cut using an ASTM D1708 die; results are reported in
engineering stress, and are the average of three tests. Standard deviations of Young’s
Modulus and ultimate properties were within 15% of the average values for all samples.

D.2. Dynamic mechanical thermal analysis. DMTA spectra were collected with
a Rheometrics RSA II in autotension mode, with a 120% force for pretension.
Temperature steps of 3°C, with a 0.1 min soak time, and a test frequency of 16 Hz, were
used over the temperature range of -150°C to 200°C. Test dimensions were
approximately 22.5 x 6.3 x 0.2 mm.

D.3. Differential scanning calorimetry. DSC was carried out with a Perkin-
Elmer DSC-2C equipped with a Model 3600 data station. The melting points of mercury
and indium were used fof temperature calibration, with the latter also providing an
enthalpy reference. Two Scans, from -150° to 200°C under a helium purge, were
performed on samples of 17-22 mg at a heating rate of 20°C/min. Samples were

immediately quenched to -150°C after the first scan. The glass transition temperature,



19
T

g» 18 Teported for second scans as the temperature corresponding to the midpoint of the

change in heat capacity.

D.4. Thermogravimetric analysis. TGA scans were performed by Betec
Laboratory on a DuPont 9900 Thermal Analysis System. Approximately 25 mg of sample
was heated in a nitrogen atmosphere at a rate of 3°C/min. This rate is virtually identical
to that used in DMTA measurements, although the former is a temperature ramp, while
the latter is obtained in small temperature steps.

D.5. Small-angle X-ray scattering. Scattering profiles were collected on a
Kratky camera with a Braun Model OED-50M linear position sensitive detector. CuK,
X-rays (wavelength A=1.54A, E=8042 eV) were generated by an Elliot GX-21 rotating
anode, with K, radiation attenuated by nickel foil. For optimal signal-to-noise, the sample
thickness t was selected such that the product ut was approximately equal to one, where
p is the absorption coefficient at 8042 eV. Scattering patterns were corrected for
differences in detector sensitivity and linearity along the wire, while a dead time
correction was not warranted since total count rates were less than 200 sec!. Profiles
were further corrected for parasitic scattering and sample absorption. Channel-to-angle
calibration was determined with a cholesterol myristate sample, and all intensities were
adjusted to an absolute basis using a previously calibrated Lupolen standard. Data were
desmeared according to the iterative method of Lake®, as previously described by
Register and Cooper.* All data are reported as I/LV versus q where I is the measured

intensity, I, is the intensity scattered by one electron, and V is the scattering volume. The
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scattering vector q is equal to 4xsinf/\, where 20 is the scattering angle. For general
characterization, a sample to detector distance of approximately 60 cm was employed.

For SAXS measurements at elevated temperatures, the cationomer M-50-1 was
molded into a annular brass ring of the appropriate thickness, and covered on both sides
with high-temperature Kapton‘D tape to minimize thickness changes associated with viscous
flow at elevated temperatures. Patterns were obtained at eleyated temperatures by heating
the sample in a home-built heating cell. Two resistance temperature detectors measured
the temperature on either side of the polymer, and control of +1°C was provided by a
Proportional-Integral-Derivative (PID) controller tuned to eliminate overshoot. Both t and
pt were determined before and after each SAXS profile to monitor possible sample flow
and dequaternization at elevated temperatures. In the SAXS temperature studies, the
sample to detector distance was decreased to approximately 38 cm to obtain adequate
counts in less time. Although the shorter distance also increased the experimental range
of g, all profiles were truncated at q=2.5 nm™ for consistency with the results of the
general characterization.

Electron densities, p, for the pure soft and hard-segment of each polymer are

summarized in Table II-2, as determined from the equation

(Electrons per Repeat) x (d, xA

p - epeat:)
Repeat Repeat Mol. Wt.

v (II-1)

where A, is Avogadro’s number. Mass densities, d, of the polymer samples were first

measured within 0.003 g/cm?® by immersion in standards prepared from sodium chloride
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and deionized water. The volume fraction, ¢, and mass density of the hard-segment were
then calculated assuming no volume change on mixing.

D.6. Extended X-ray absorption fine structure. Most EXAFS spectra were
collected at the Stanford Synchrotron Radiation Laboratory (SSRL), while a few were
collected at the Cornell High Energy Synchrotron Source (CHESS). Unless otherwise
noted, the data presented in the thesis were collected at SSRL. The same expeﬁmental
setup was used at both facilities except where noted. The K-edge of bromine
' (Ey=13474 eV) was investigated with 5 eV steps in the pre-edge and EXAFS regions, and
2 eV steps between -20 eV below the edge and 60 eV above the edge. Extremely narrow
entrance slits (0.2 mm at SSRL, 0.5 mm at CHESS) were used in order to obtain high
energy resolution. Energy calibration was performed using the sample M-100-Br, which
was molded to the thickness where ut is approximately 2 at E=13574 eV. A 15 cm
ionization chamber filled with N, and a 30 cm ionization chamber filled with Ar, both at
1 atm, were used to monitor the incoming and outgoing intensities of X-rays respectively.
Spectra were collected starting at 25°C and at 20°C intervals thereafter until the sample
began to flow on the time scale of the experiment (135°C). Samples were heated in a
specially designed cell having a temperature stability of +2°C. A total of sixteen scans
were taken at each temperature and the scans were coadded (after E, determination)
before data analysis to improve the signal to noise ratio.

D.7. Fourier transform infrared (FTIR) spectroscopy. Samples for infrared
analysis were cast directly onto sodium chloride windows from a 1% (w/v) solution of

polymer in DMAc. Film thicknesses were adjusted such that the maximum absorbance
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of any band was less than 0.7 to be conservatively within the absorbance range where the
Beer-Lambert law is valid.®® Spectra were acquired on either a Mattson Model GL-5020
(Figures V-5, V-6b, V-9, V-12b, all Figures in Chapter VI) or a Nicolet Model 740 FTIR
(all other Figures) spectrometer using a MCT detector at a resolution of 2 cm™. The
number of scans ranged from 64-512. Elevated temperature measurements were obtained
by placing the polymer/NaCl sample in a well-insulated homemade temperature cell with
resistance heaters and NaCl windows. The temperature was measured at the surface of
the sample, and was controlled to within 0.5°C using a PID controller tuned to eliminate
overshoot. Samples were maintained at the target temperature for 3 minutes prior to data
collection. Additional spectra, taken at times as long as 60 minutes, were essentially
identical indicating that 3 minutes was adequate to reach equilibrium conditions.

D.8. Measurement of dynamic viscoelastic properties. The dynamic storage
modulus G’ and loss modulus G" were determined in a nitrogen atmosphere using a
Bohlin VOR Melts-Rheometer in the oscillatory shear mode at temperatures of 60 to
150°C. Sample geometry was defined by 25mm-diameter parallel plates at a gap of
approximately 0.5 mm; the gap dimension was corrected for thermal expansion of the
apparatus. Measurements were obtained as isothermal frequency scans, at increasing
angular frequency « from about 0.01 to 100 rad/s. Each isothermal scan was conducted
at a fixed strain amplitude, well within the linear viscoelastic regime, with strains ranging

from 0.05% at 60°C to 9% at 150°C.
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E. SAXS Theory and Data Analysis

Small-angle X-ray scattering provides quantitative morphological information
on two-phase materials where the domain sizes are on the order of nanometers, and the
electron density of the two phases are sufficiently different. Prior to extracting
morphological features, background scattering from a variety of contributions (including
thermal densify fluctuations, inelastic scattering, and the amorphous halo of wide-angle
scattering) must be subtracted from the observed scattering profile, I,,. Several empirical
methods for subtracting the background scattering, Iz(q), have appeared in the literature.
But since most of these require data extending into the amorphous halo, which was not
obtained in the present studies, the method of Bonart® was selected. In this method, I,
is treated as a constant, and determined from the slope of a plot of q'I, versus g*.
Reasonable linear fits were obtained for cationomers, polyurethanes with the unionized
chain extenders, and conventional PUs, as shown in Figure II-2. Hereafter, corrected
intensities, Livs(@-Ig, are simply referred to as I(g).

Analysis generally proceeds by either comparing the experimental data with
calculated scattering profiles from model structures, or by extracting morphological
parameters from the data using a few general assumptions. In the present studies, the
latter approach is used. Given the chemical structure of the cationomers under
investigation, either a morphology of ionic domains in an amorphous matrix, or a lamellar |
morphology typical of conventional PUs might be anticipated. Although electron

micrographs were not successfully obtained, results presented in Chapter III provide
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strong evidence that the PU cationomers have a lamellar morphology. All subsequent

SAXS analysis, where model dependent, is therefore based on a lamellar model.
Although derived for scattering from discrete crystal planes, Bragg’s law is often

used to approximate the interdomain spacing, d, of less ideal systems. Bragg’s law has

the form®?

d=_2% (II-2)

qmax

where qy,, is the value of q at the first local maximum in intensity. For a lamellar
geometry, the intensity I(q) is weighted by the factor q* to calculate a Bragg spacing. The
average interlamellar distance can also be obtained from the position of the first maximum
in the one-dimensional correlation function, y(x), as developed by Vonk.**** The
correlation function represents the probability that a rod of length x will have both of its

ends in domains with the same electron density, and is given by the equation

[a?1(q) cos (ax) dg
Y (x) = (II-3)

[a*1(@) da
[s]

The integral in the denominator of Equation II-3 is related to the invariant, Q. The

invariant depends only on the mean-square fluctuation of the electron density within a

material, Ap?, as follows’>%

g?I(g)dg = 2n%Ap? (II-4)

<o

o'\g
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For an ideal two-phase system, with sharp interfaces and constant electron
densities p; and p, within each domain, the mean-square electron density fluctuation can
be calculated from the equation!

Ko7 15 = 6.0, (py-py)? (II-5)
where ¢, and ¢, are the volume fractions of each phalse. The ratio EZ/EZM provides
semi-quantitative information on the degree of phase separation in a system, with limiting
values of 0 and 1 corresponding to complete and no phase mixing, respeétively.

For calculation of the integral in Equation II-3, I(q) must be extrapblated both
below (to q=0) and above (toward q=o0) practical instrumental limits. In the region
q=0to 0.1 nm", extrapolation according to Guinier’s law®™’ was assumed:

. - _Rig?
lim -—Z

o0 I(@ = I(0)e 3 (11-6)

where I(0) is the scattered intensity at zero angle, and R, is the radius of gyration of the
scattering body. Guinier’s law was derived for isolated particles, whereas the PUs of the
present studies represent a dense system. R, was therefore treated only as a parameter
for extrapolation, with no physical significance. Plots of InfI(q)] versus ¢* displayed
slight curvature throughout the low Q> regime as shown in Figure II-3, and thus

experimental data at the smallest scattering vectors were selected for fitting Guinier’s law.
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For an ideal two phase system, Porod** showed that the scattering at large

vectors could be described by the relationship

lim _ Kp -
g (@) = =2 (I11-7)

Porod’s law predicts that the product I(q)q* reaches a constant, K,, as g>o. However,
this is not observed in most real polymer systems. As reviewed by Tyagi et al.,!” positive
deviations from Porod’s law (a positive slope in a plot of I(q)q* versus q* or q) can be
attributed to thermal density fluctuations or phase mixing. On the other hand, the
presence of interfaces between phases results in negative deviations. In the present
studies, deviations led to some uncertainty in the determination of Porod’s constant, and
consequently in the extrapolation of experimental data in the range q=2.5 to 50 nm!
using Equation II-7. However, because of the large area under the interference peak of
the SAXS patterns, both the correlation function and the invariant were relatively
insensitive to errors in Porod’s or Guinier’s constants. For example, deviations from
mean values of only +15% in Q and +2% in the position of the first maxima in v(Xx)

resulted when varying K, from 0 to 2 times its assumed value.

F. EXAFS Theory and Data Analysis

EXAFS is the measure of oscillations in the absorption coefficient, u, about its
mean value at energies between 50-1000 eV above an atomic absorption edge. An
absorption edge occurs whenv the X-ray energy is sufficient to cause the ejection of a

photoelectron; the K-edge corresponds to the ejection of a 1s electron. Oscillations occur
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because the outgoing photoelectron wave can be back-scattered by neighboring atoms,
which leads to interference between the outgoing and back-scattered waves. Qualitatively,
the shape and period of the oscillations will be a function of the absorbing atom as well
as the type, distance and number of back-scattering atoms.

The simplest correct theoretical description of this phenomena was originally
developed by Stern er al.** and has been labelled single-electron single-scattering theory.
This theory assumes that multiple scattering events are unimportant and that disorders,

both thermal and static, are small. The fundamental equation from this theory is

B (E) -p, (E)

x (k)= ™95

(II-8)

-2r

5 bl
F, (k) o293k 5 T sin[2kz;+¢;; (k)]

—E N; S3(k) L~ pr
where u(E) and po(E) are the measured and mean absorption coefficients, respectively,
at the energy E; N; is the number of atoms of type j in the jth shell; S2(k) is the
amplitude reduction factor which is due to excitations of electrons other than 1s electrons
(for a K-edge) in the absorbing atom; F;(k) is the back-scattering amplitude from the N;
atoms; r; is the root mean square distance between the central atom and the jth atom; 0;
is the Debye-Waller factor which measures the variation in r; about its mean; X is the
electron mean free path; and ¢; is the phase shift experienced by the photoelectron, which

is a function of both the absorbing i atom and back-scattering j atom. k is called the

wavevector because 27/k is the wavelength of the ejected photoelectron. Through a
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simple energy balance it can be shown that
2m, -
k= = (E-E,) (I1-9)

where E, is the absorption-edge energy, m, is the mass of an electron, and h is Planck’s
constant divided by 2=. Generally, F(k) and ¢;i(k) are a function of only the central and
back-scattering atom and can be calculated either theoretically®® or from model
compounds. A can also be calculated either theoretically or from model compounds.
Hence, four parameters are usually unknown for each coordination shell: E,, 1;, N; and
o;. Although E, can be identified from a ut vs E plot, generally E, should be allowed to
vary to correct for errors in energy calibration and phase tr‘ansferability.61 The k
dependence of the amplitude reduction factor is usually quite small and for the purposes
of this thesis, the factor will be treated as a constant. When comparing experimental data
with the same absorbing atom, the amplitude reduction factor was assumed to be identical
for the two samples, which is generally an excellent assumption. This factor is necessary
to accurately simulate the experimental data with FEFFS®. Typically, each shell is
analyzed individually as will be described.

Two commercially available software packages were uséd for data analysis.
BAN®, available from Tolmar Instruments, was used for converting the measured ut vs
E curve to k*(k) vs k, subsequent Fourier transformation, isolation of each shell, back-
transformation, and determination of the four unknown EXAFS parameters.  This
software uses the ratio method® to calculate N/N,;, Eg-Eq ¢, 0°-0,.2 and R-R_; where the

subscript 'ref’ represents the value from a reference compound. FEFFS5,% available from
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the University of Washington, was used to theoretically calculate EXAFS spectra on the

basis of the hypothesized atomic coordinates, and the resulting values for the amplitude
and phase functions were used with the BAN software in addition to values from model

compounds.

G. FTIR Data Analysis

Prior to quantitative analysis, three different complications in the raw infrared
spectra necessitated correction: i) contributions from water vapor, ii) extraneous
background absorbance, and iii) changes in sample thickness.

Spectral features attributable to water vapor were evident in some of the data taken
at elevated temperatures in spite of the careful drying technique employed. The presence
of water is a concern, since it would complicate interpretation of the results if its source
were water absorbed in the polymer. Water retention in polyurethanes is well known, and
the extreme hydrophilicity of the polyurethane cationomers used in this thesis is noted in
Chapter IV. However, we strongly believe that the source was absorbed/adsorbed water
on components of the heating cell, a§ water vapor was also evident in spectra obtained at
elevated temperatures without a polymer sample. Contributions from water vapor were
removed via spectral subtraction. The optimum multiplicatién constant, £, for subtraction
of the water component in a given region of interest was determined with a Fortran

program which varied £ so as to minimize the sum of the absolute difference in
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absorbance between successive points. The sum of the differences is given by S,,. in

Equation II-10,

Ssuc = ; lAcorz(V_iq»l) = Ao (V) l (II-10)

where the corrected absorbance is given by A_..(») = Anu(?) - £ X Ay, vapor(Vy)-
Figure II-4 shows a typical spectrum before and after subtraction of the water vapor
contribution.

Extraneous background absorbance can greatly compromise quantitative infrared

studies, since any baseline subtraction is an approximation. For this reason only excellent

quality spectra, where the baseline was either constant or linear with a slight slope, were
retained. All spectra displajring quadratic or higher-order base absorbance were rejected.
A linear baseline was subtracted from each spectrum as defined by regions where
negligible absorbance occurs; specifically a least squares fit of data between

3800-3700 cm™ and 2300-2200 cm! was performed.

The final correction to raw Spectra was normalization of absorbances for varying
sample thickness. This is necessary to compare results obtained on different polymers,
since all samples were not of the same thickness. Further, the thickness of a given
sample usually changed during the course of heating and cooling experiments as a result
of viscous flow. To correct for varying sample thickness, the ordinate of all spectra and

all reported areas have been normalized to the integrated area between 2980-2820 cm.

This frequency range contains the strongest of the bands between 3100 and 2700 cm!
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Figure II-4. Representative spectrum before (middie) and after (bottom) subtraction of
the water vapor contribution (top).
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which are associated with symmetric and asymmetric stretches of aliphatic CH, groups.
The selection of band(s) for normalization is arbitrary; any region in which the band(s)
shape and intensity changes negligibly with temperature could be used. Typical results
such as those shown in Figure II-5 support the present method of thickness compensation.
First, we see that nearly identical resuifs are obtained using a second band to monitor
thickness, namely the peak absorbance of the aromatic C-C stretch at 1412 cm™.
Agreement of the two methods suggests a maximum relative error of approximately 2%
in this step of data processing, an error that is negligible relative to assumptions employed
later in band deconvolution. Figure II-5 also indicates that there is no thickness change
for M-100-I below approximately 130°C, while M-0-I undergoes viscous flow starting at
room temperature. The onset of flow seen during infrared scans of the two materials are

thus entirely consistent with the dynamic mechanical spectra shown later in Chapter III.
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Figure II-5. Thickness corrections for viscous flow during FTIR heating experiments of
samples M-0-I (triangles) and M-100-I (circles). Hollow symbols are the integrated area
of the C-H stretching region, and filled symbols are the maximum absorbance of the band
assigned to aromatic C-C stretching. A value of 1 was assigned to 30 °C.
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Chapter Il. Effects of Ion-Related Variables

on Microstructure and Physical Properties

A. Introduction

In Chapter II, the synthesis of PU cationomers with pendant trialkylammonium
groups using ionic chain-extenders was described. Quaternization of the diols prior to
polymerization offered two advantages. First and most important, for some of the
quaternizations, reaction conditions were employed which would have likely degraded the
polyurethane if the quaternization had been carried out after polymerization. Secondly,
separation of the ionic monomer from the starting diol allowed precise control of the ion
content. In this chapter, the morphology and properties of the PU cationomers are

discussed as a function of ion content, alkyl group length, and neutralizing anion.

B. Results and Discussion

B.1. Dynamic mechanical thermal an;llysis. The effect of increasing ion
content and alkyl group on dynamic mechanical properties is illustrated in Figu;es I1I-1
to III-3 with transition data summarized in Table III-1. Tg, which represents the glass
transition temperature of the soft segment, and T,, attributed to motion of the methylene
sequences in the polyether soft segments, were defined by the local maxima in the loss
modulus E". The upper a-transition did not result in a maxima in E" for all samples;
therefore, T, was defined as the temperature at which the storage modulus E’ decreased

to one-third of the value predicted by linear extension of the rubbery plateau. For
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Figure II-1. E’ and E" for the unquaternized polyurethanes and the conventional
polyurethane PU-BD.
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Figure III-2. E’ and E" for polyurethane cationomers chain extended with a blend
of 50% TAPI and 50% DAP.
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Figure III-3. E’ and E" for fully quaternized polyurethane cationomers.




Table ITI-1
Thermal Transition Data
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DMTA Results

DSC Results

Sample T, (°C) T, (°C) T, (°C) T, (°C)
M-100-1 -133 52 129 -56
M-50-1 -134 -30 86 -40
M-O-I -137 4 2
E-100-1 -137 -56 113 -58
E-50-1 -138 23 76 33
E-O-1 -138 1 4
P-100-1 -134 -40 92 -52
P-50-1 -137 -13 65 28
P-0-1 -137 9 — 0
E-100-Br -136 .57 108 58
E-100-Cl -136 .57 119 -62
PU-BD -133 -18 167 27
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samples that displayed a local maxima in E" at the o-transition, temperatures acquired via
the two methods agreed within 3°C.

In the conventional polyurethane PU-BD, phase separation of the MDI/BD hard
segments and PTMO soft segments results in a rubbery plateau between approximately
-30°C and 160°C. The lower end of this plateau is marked by the glass transition
temperature (Ty) of the soft segment with some fraction of dissolved hard segments, while
the rubbery plateau ends at T, with melting of the semi-crystalline hard segments.
DMTA spectra of the unionized polyurethanes chain-extended with DAP, shown in
Figure III-1, do not exhibit a rubbery plateau or o-transition. In these materials, the
bulky pendant amino groups are asymmetric and lack stéreoregularity. Crystallization of
the hard segments is thus prevented, and the polymers are primarily a mixed hard
segment-soft segment one-phase material. Disruption of hard-segment crystallization and
phase mixing on addition of pendant groups to the hard segments has been noted in other
polyurethanes.®*  The glass transition of the R-O-I polymers, Tg = 1-9°C, is
intermediate between the T, of pure PTMO 1000 (=-70°C) and the T, of a MDI/DAP
hard-segment polymer (~60°C). For the unquaternized materials, T, is constant for all
alkyl groups; and T, shows no clear trend with alkyl group length, varying by only 8°C
throughout the series.

As shown in Figure III-3, quaternization of the amino group leads to a two-phase
morphology. This is evidenced by a shift of the 8-transition to lower temperatures, and
the establishment of the higher temperature o-transition. A comparison of Ty’s and

slopes of the rubbery plateaus for PU-BD and the R-100-I polymers shows that ionic
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interactions not only provide the driving force for phase separation in these PU
cationomers, but also result in less phase mixing than observed in the conventional PU
with the same soft-segment type and molecular weight. T, is unaffected by ionization,
and is not a function of the alkyl group. In contrast, T, was found to increase in the
order M-100-I > E-100-I > P-100-1, while the soft-segment glass transition temperature
decreases in the order E-100-I = M-100-I < P-100-.

Behavior of the R-50-1 polymers, as shown in Figure III-2, is intermediate between
that of the fully ionized and unquaternized materials. The storage modulus in the 50%
ionized polymers is extended to higher temperatures than in the R-0-I series, but the
rubbery plateau is ill-defined, and the o-transition temperatures are well below those of
the R-100-I series. Although the R-50-I polymers are two-phase materials, phase mixing
is considerably greater than in the R-100-I series as evidenced by a broadening and shift
to higher temperature of the B-transition when the ion content is decreased. Phase
separation in the 50% ionized materials, as estimated from Ts and the slope of the
rubbery plateau, is comparable to that of PU-BD. Trends of T, and Tg with alkyl group
were similar to those observed in the R-100-I polymers; the temperature of the
o-transition again increased in the order M-50-1 > E-50-1 > P-50-1, and T, decreased
in the order M-50-1 < E-50-1 < P-50-1. These results suggest that ionic interactions are
weakest in the R=propyl cationomers, both in terms of the upper temperature limits of
the rubbery plateaus, and the degree of phase separation. In fact, the strength of the ionic
interactions generally follow the order R=methyl > R=ethyl > R=propyl, with the

exception that comparable phase separation is observed in samples E-100-I and M-100-I.
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However, in these latter samples complete phase separation is approached, and detection
of differences is therefore difficult. A decrease of ionic interaction strength with
increasing alkyl chain length likely results from a combination of steric hindrance and
charge delocalization by the alkyl groups.

The soft-segment glass transition temperature is not affected by the type of

counter-ion for the anions tested as shown in Figure III-4. On the other hand, the
temperature of the c-transition increases in the order CI° > If > Br", though the total
span in T, for the threev samples was only 11°C. This difference is not attributable to
errors in measurement as it was observed in repeated DMTA spectra, but might be a
result of the ion exchange procedure. Excess NaCl in the sample E-100-CI (Table II-1)
would likely extend the rubbery plateau to higher temperatures, and therefore mask any
subtle trend with electronegativity or ionic radius if ‘it Aexisted.

B.2 Differential scanning calorimetry. DSC thermograms for the M-###-1
series of PU cationomers and PU-BD are provided in Figure III-5, with thermal transition
data for all polymers given in Table III-1. The commercial polyurethane PU-BD displays
a soft-segment T, near -30°C, followed by a series of melting endotherms for
semi-crystalline hard-segments with varying degrees of order. In contrast, the only
feature observed in the unquaternized material is a mixed hard segment-soft segment glass
transition temperature at -2°C. This transition is coincident with Tz of DMTA spectra
in R-0-I polymers. Upon complete ionization, phase separation dramatically improves as
seen by the shift of the soft-segment T, to -56°C in the sample M-100-1. The chahge in

heat capacity at T, is considerably less in M-100-I than in M-0-1, as phase separation
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Figure III-4. E’ and E" for cationomers E-100-X as a function of neutralizing anion.

Polymers E-100-Br and E-100-Cl were prepared from the starting material, E-100-I, by
ion exchange.
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Figure III-5. DSC results for PU-BD and the R=methyl series of polyurethane
cationomers. Curves are typical of the R=ethyl and R=propyl series.
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reduces the weight fraction of material associated with the transition by approximately
one-half. At50% quaternization, the T, of the soft-segment is intermediate between that
of the unquaternized and fully ionized cationomers. Additionally, phase mixing in the
polymer M-50-I results in a glass transition that is subtle and broad, much like the B-peak
in DMTA spectra of the same material. The above general descriptions of DSC
thermograms as a function of ion content are the same for the R=ethyl and R=propyl
series of polymers. At each level of quaternization (0%, 50%, and 100%) the trend of
T, with alkyl group is identical to that discussed for Ts. Finally, and again consistent
with DMTA results, the soft-segment T, is nearly independent of the neutralizing anion.

Unlike PU-BD, high temperature melting endotherms are not observed in any of
the PU cationomers, which provides further evidence that the pendant groups of TAPI and
DAP prevent hard-segment crystallization. In fact, DSC scans of R-100-I and R-50-I
show no evidence of any thermal transition corresponding to the o-transition of DMTA
spectra. The absence of a transition is not surprising since amorphous PUs often show
no evidence of a hard segment T,, and ionic transitions have seldom been observed in
DSC thermograms.

B.3. Tensile testing. Stress-strain curves for the M-###-1 series of cationomers
and PU-BD are shown in Figure III-6, with tensile property data for all polymers
summarized in Table III-2. At a given ion content, the general response to uniaxial
deformation seen in Figure III-6 is also observed in the R=ethyl and R=propyl materials.
At 0% quaternization, the mixed hard segment-soft segment copolymers are adhesive-like

materials with a meager Young’s modulus. The DMTA spectra of the R-O-1 materials
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Figure III-6. Stress-strain curves for PU-BD and the R=methyl series of polyurethane

cationomers. Curves are typical of the R=ethyl and R=propyl series.




Table III-2

Tensile Properties
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Young’s Modulus Tensile Strength Ultimate Elongation
Sample (MPa) (MPa) (%)
M-100-1 430 18 350
M-50-1 190 31 430
M-O-1 9.1 4.3 810
E-100-1 480 35 390
E-50-1 200 37 490
E-O-1 3.1 0.1 > 1000
P-100-I 520 22 310
P-50-1 260 41 440
P-0-1 7.1 0.4 > 1000
E-100-Br 380 36 460
E-100-Cl1 480 31 260
PU-BD 85 66 480
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show that at room temperature the polymers are above their B-transition, and in a region
of highly viscous flow. As such, chain entanglements provide the primary resistance to
deformation. The low and near-horizontal stress seen in the unquaternized materials,
which in E-0-I and P-0-T extended beyond 1000% without sample failure, is consistent
with chain disentanglement. As seen from the data of Table III-2, no clear trends

between alkyl group length and any of the tensile properties are observed in the

unquaternized materials.

Quaternization dramatically increases the tensile properties of the PU cationomers.
Copolymers chain-extended with 50% TAPI/ 50% DAP display elastomeric behavior
similar to PU-BD. However, the modulus of the R-50-I cationomers is 2-3 times greater
than that of the conventional PU, while the tensile strength of the cationomers is lower
by a factor of 2-4 at comparable ultimate elongations. The differences in the stress-strain
curves of the 50% ionized materials and PU-BD are likely attributable to the response of
the hard domains to deformation, since the PUs contain identical soft segments, equivalent
volume fractions of each phase (Table II-2), and similar degrees of phase separation as
determined from the soft-segment T,’s. A number of previous investigations have shown
that ionic®>**%* or coordination® interactions in PUs provide greater hard domain cohesion
than found in typical urethanes like PU-BD. This would account for the higher modulus
observed in the R-50-I series, while the greater cohesion may also reduce the ability of

the hard segments to respond to stress without failure, thus lowering the ultimate strength.

Rearrangement and orientation of hard segments in the direction of stress
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has been shown to play an important role in the high-strain response of PUs with semi-
crystalline hard segments, 7%

Further evidence of this is provided by the fully quaternized PU cationomers. The
sharp yielding behavior at elongations of 4-8% requires the existence of a rigid,
interconnected hard-phase. Beyond the yield point, the stress is relatively flat as a
function of elongation since the continuity of the hard-phase has been destroyed. As such,
increasing the level of quaternization from 50% to 100% results in an increase of the
tensile modulus by 200-240%, but reduces the ultimate strength and elongation at break.

For both the R-100-I and R-50-I series of PU cationomers, the modulus increases
in the order R=methyl < R=ethyl < R=propyl. Though the magnitude of the increase
is near the standard deviation of the measurements, its occurrence in both series of
cationomers suggests the trend is real. Based on the strength of the ionic interactions as
indicated by DMTA, a trend in the opposite direction might be expected. In fact,
increased tensile properties with decreasing alkyl group length was observed by
H.A. Al-Salah and co-workers* for urethane cationomers chain-extended with
N-alkyl diethanol-amine. The relationship in the present cationomers can be explained
by differences in the ratio of components. In the PU cationomers the hard-segments act
as physical crosslinks, and since all polymers were synthesized at a fixed stoichiometry,
the volume fraction of hard-segments increases from R=methyl to R=propyl as shown
for the R-100-I series in Table II-2.

The effect of neutralizing anion type on the tensile properties is shown in

Table III-2 for the E-100-X polymers. Values are essentially constant with two notable
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exceptions. The Young’s modulus of E-100-Br is only 380 MPa versus 480 MPa for both

E-100-I and E-100-Cl. However, since the standard deviations in properties for each
sample are +10-15%, this difference may not be statistically significant. A second
difference, Which is well outside the limits of statistical error, is the lower ultimate
elongation of E-100-Cl. Visible turbidity in this sample suggests that excess sodium
chloride from the ion exchangé procedure likely formed microscopic agglomerates, which
act as defects where stress concentration and premature sample failure occur. Kohjiya
‘and co-workers*s observed an increase in the tensile modulus of water-swollen ionenes
with increasing radius of the halogen counter-anion, but did not report tensile properties
of dry polymers.

B.4. Small-angle X-Ray scattering. SAXS data for PU-BD, and PU cationomers
as a function of alkyl group and ion content, are shown in Figure III-7. The scattering
profile for PU-BD exhibits an upturn in intensity at small angles, followed by a single
maxima near q=0.6 nm™. The microstructure of conventional polyurethanes has been
extensively studied, and it is widely accepted that when the hard-segment content is
roughly 50%, the peak results from a periodic arrangement of lamellar hard and soft
domains. Li and Cooper used transmission electron microscopy to show that the
lamellae of a MDI/BD/PTMO urethane at 50 wt.% hard-segment are somewhat
disorganized, lacking uni-dimensional periodicity over a length scale greater than a few
lamellae. SAXS patterns of these materials therefore lack higher-order reflections which

are frequently observed in systems with ordered lamellae.
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Figure III-7. Small-angle X-ray scattering profiles of (a) R-100-I polyurethane
cationomers, and (b) a conventional PU and the R=methyl series of cationomers.
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The absence of an interference peak in the SAXS curve for sample M-0-I is
: coﬁsistent with the results of other techniques which suggest that the unquaternized
polymers are mixed soft segment-hard segment one-phase materials. PU cationomers
R-100-I and M-50-I have scattering profiles similar to PU-BD, though the maxima is
generally less intense and broader in the latter. This result suggests that the morphology
of the PU cationomers, like that of PU-BD, is lamellar. However, SAXS data from many
other ionomers also show only one peak, and these scattering profiles can be modelled
reasonably well by assuming a morphology of isolated ion-rich domains (or aggregates)
within an organic matrix. Such a morphology is depicted in Figure I-2.

The position of the maxima in the quaternized polymers is relatively insensitive
to the ionic content or alkyl group, and lies in the range of 0.60 nm” < q < 0.63 nm™.
A corresponding Bragg spacing of approximately 10 nm is typical of the interlamellar
spacing for PUs, but not common to ionomers where the interaggregate spacing is usually
3-4 nm. Perhaps the strongest evidence that the morphology of the PU cationomers is
similar to that of conventional urethanes is provided by the yield point in stress-strain
curves of fully ionized copolymers. It is inconceivable that only ionic groups could form
interconnected hard domains, since the pendant ammonium groups constitute less than
20 wt% of the PU cationomers. An interconnected morphology is possible only if both
MDI and the chain-extender comprise the hard-domains.

Aggregation of ionic groups within the lamellar hard domains remains a
possibility. By the presence of two Bragg peaks, previous X-ray scattering investigations

showed that both commercial Nafion™ and Surlyn” jonomers of E.I. du Pont de Nemours
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and Co. contain ionic aggregates within the interlamellar layers of the semicrystalline
polymer matrix. Similarly, Weiss and co-workers found that ionic aggregates formed
within the polystyrene domains of a sulphonated polystyrene (SPS)-(ethylene-co-butylene)-
SPS triblock copolymer.” However, no evidence of a second peak attributable to ionic
aggregation is seen in SAXS profiles of the PU cationomers to q=6.0 nm?, This could
imply that ammonium groups do not associate in the hard domains of PU cationomers for
reasons similar to those suggested by Eisenberg and co-workers.”” They found no
evidence of microphase separation in random styrene-vinylpyridinium cationomers, and
suggested that the large pyridinium ion and weak interactions between ion pairs precluded
phase separation where the matrix T, was above room temperature. Since the T, of the
unionized hard domains is approximately 60°C, this argument could be applied to the PU
cationomers. However, it is also possible that ionic groups do associate within the hard
domains, but the quantity and order of the aggregates are not sufficient to produce a
maxima in SAXS profiles.

Additional morphological information can be obtained from the Porod behavior
shown in Figure II[-8. In the conventional urethane PU-BD, the slope of the product
q*I(q) is negative at high values of q, indicating the presence of diffuse phase boundaries.
This behavior has been frequently observed and studied in PUs with semicrystalline
hard-segments.>’® On the other hand, the slope of the plot for PU cationomers R-100-I
and M-50-1 is positive, indicative of mixing between phases. This result is surprising in
light of the DMTA and DSC results which show the R-100-I materials are much more

phase-separated than PU-BD. One could rationalize this discrepancy by stating that the
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PU cationomers have virtually no interfacial region. A more likely explanation is that
isolated or associated iodine atoms within the hard-phase produce spikes in the electron
density profile of the domain. Based on an ionic radius of 2.2A, isolated iodine atoms
would have an electroﬁ density of 1210 e/nm’, whereas the average electron density of
the fully phase-separated hard-segments are only 430-450 e’/nm’ (Table II-2).

For a lamellar system, an estimate of the interdomain spacing can be obtained
from Bragg’s law by weighting the scattered intensity by q?. The results for PU-BD, and
the R-100-I and M-###-1 series of cationomers are plotted in Figure III-9. As in
Figure III-7, the position of the maxima is nearly constant for all quaternized materials,
while no peak is present for the unquaternized polymer M-0-I. An alternative method of
estimating the interlamellar distance is to use the one-dimensional correlation
function (CF), y(x), given by Equation II-3. Spacings are determined from the position
of the first maxima in y(x) as shown in Figure III-10. As seen in Table III-3, results of
the two methods are in reasonable agreement, with spacings determined from the CF
slightly lower. Bragg spacings vary from 9.5-10.0 nm, while distances determined from
the CF analysis range from 8.9-9.4 nm. Interlamellar distances of the two-phase PU
cationomers do not appear to be a function of alkyl group or ionic content. The latter
result is consistent with a morphological investigation of PU cationomers by
Lipatov et al.;* and provides further evidence that the SAXS peak does not result from
arrangements of ionic groups, since the inverse of the distance between ionic aggregates

would be expected to scale with the ion concentration.”
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Figure III-10. One-dimensional correlation functions of PU-BD, and the R-100-I and
R=methyl series of polyurethane cationomers.




Table III-3

Interdomain Spacings (nm) for PU Cationomers

Correlation Distance Bragg Spacing
Sample 1-D v(x) g ()
M-100-1 9.2 9.7
M-50-1 8.9 9.7
E-100-I 8.9 9.5
P-100-I 9.4 10.0
PU-BD 7.8 8.0
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A semi-quantitative measure of the degree of phase separation in two-phase
materials can be obtained from SAXS by the ratio EZ/Z;ZM. Results for the PU
cationomers and PU-BD are summarized in the last column of Table III-4, with
calculation of the ratio as follows. First, the mean-square variance of the electron
density, Z;z, is calculated from the experimental invariant, Q/V, using Equation I1I-4.
The mean-square electron density fluctuation for a completely phase-separated copolymer,
Ezid, is then calculated from Equation II-5 and data of Table II-2.

Ratios of 0.67-0.78 for the R-100-I cationomers indicate a higher degree of phase
separation than in M-50-I or PU-BD. This result is consistent with DMTA and DSC
results, but the relationship between alkyl group and phase mixing (P-100-I = M-100-1
> E-100-I) does not agree with earlier results. However, determining the degree of
phase separation with this approach is limited by errors in background subtraction,
extrapolation of experimental data to high scattering vectors according to Equation II-7,

and the assumptions used in calculating Ap2,.

C. Summary |

The morphology and properties of polyurethane cationomers with pendant
trialkylammonium groups were investigated as a function of ion content, alkyl group
length, and neutralizing anion. Results of DSC, DMTA and tensile testing showed that
ionic content had the greatest effect on phase separation and mechanical properties. Bulky
pendant groups of DAP and TAPI, attached to asymmetric carbon atoms, prevented

crystallization in the hard domains. Consequently, little or no phase separation was




Table II-4

Phase Separation as Estimated from SAXS Invariant

Qv Ap? A%y
Sample (nm%) | (nm®) (nm®)  Ap%Ap?,
M-100-I 45000 2280 3460 0.66
M-50-1 32000 1620 3370 0.48
E-100-1 43000 2180 2810 0.78
P-100-1 35000 1770 2650 0.67
PU-BD 14000 710 1620 0.44
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evident in the unionized materials. As the level of quaternization was increased, phase
separation greatly improved as evidenced by an extension of the rubbery plateau, a
lowering of the soft-segment T,, and an increase in the tensile modulus.

The effect of the alkyl group length was secondary to the ion content, with the
strength of the ionic interactions following the relationship R=methyl > R=ethyl >
R=propyl. Stronger interactions generally resulted in improved phase separation, and an
extension of the rubbery plateau to higher temperatures. Within the range studied, the
type of neutralizing anion had little effect on phase separation or mechanical properties.

SAXS and tensile results suggest that while ionic interactions are the primary
driving force for phase separation, they produce a microstructure not typical of ionomers,
but rather more closely related to the lamellar morphology of a conventional urethane of
MDI/BD/PTMO. Different levels of phase mixing were also evident in SAXS profiles,

but the interlamellar spacing of the two-phase PU cationomers was not affected by the ion

content or alkyl group.
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Chapter IV. Investigation of the Room Temperature Annealing Peak
A. Imntroduction

When performing the general characterization experiments of Chapter III, an
interesting phenomenon was inadvertently discovered. If the PU cationomers were stored
at room temperature for a period of approximately 1 month in a desiccator filled with dry
calcium sulfate, DSC scans showed a small endotherm centered near 70°C. This
endotherm was not present in unannealed cationomers or the unionized R-0-I polymers,
and did not reappear during subsequent cooling and heating cycles in the DSC. Similar
"room temperature annealing peaks" were reported in other ion-containing polymers, most
notably the well-known commercial ionomer Surlyn®, nearly 20 years ago.”

The tradename Surlyn® covers several copolymers of ethylene and methacrylic acid
(E-MAA) with various ion contents and neutralizing metal ions. E-MAA was one of the
first ionomers to be studied, and small-angle X-ray scattering investigations of E-MAA
provided the first direct evidence of microphase separation in ionomers.” Marx and
Cooper reported that a room temperature annealing endotherm in E-MAA was centered
at approximately 50°C, and had a breadth of approximately 20°C.”® The authors
attributed the endotherm to the melting of crystallites formed from short imperfect
polyethylene chains. Annealing at various temperatures above 40°C caused a second
endothermic peak centered 20-50°C above the annealing temperature. This feature was
assigned to lamellar thickening, and its temperature dependence annealing temperature
was shown to be qualitatively similar to the lamellar thickening endotherm normally found

in intermediate and high density polyethylene.®
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The assignment of the first peak to polyethylene crystallite melting was challenged

by Tadano er al.** In plots of specific volume versus temperature, a peak was found
at the temperature corresponding to the DSC endotherm, whereas crystalline melting
would normally cause a discontinuity. Also, the change in the wide-angle X-ray
scattering (WAXS) pattern after room temperature annealing was very small, and
considered not large enough to correspond to the DSC endotherm. Other factors, such
as an insensitivity of the peak position to annealing temperature, supported the conclusion
that the assignment of polyethylene crystallite melting was incorrect.

Tadano and co-workers attributed the room temperature annealing peak to an
order-disorder transition within the ionic aggregates, i.e. melting of ionic crystallites.
Since WAXS is unlikely to show crystalline order within the aggregates even if it exists
(ionic domains comprise only a small volume fraction of the ionomer, and the aggregates
are so small that insufficient translational symmetry exists to cause Bragg reflections),
obtaining direct evidence of an ionic order-disorder transition has been difficult. EXAFS
studies were performed in order to determine the local order in zinc-neutralized E-MAA
as a function of temperature.** The Zn-O first-shell coordination distance R was slightly
smaller at 105°C than at room temperature. At the higher temperature, the authors’

analysis also determined that the first-shell coordination number N and the Debye-Waller

factor ¢ increased. However, the rise in coordination number is inconsistent with the
decrease in R, since studies of coordination shells in inorganic Zn-O compounds have
shown that R increases from about 1.95-1.98 A to 2.00-2.02 A to 2.06-2.10 A as the

coordination of zinc changes from fourfold to fivefold to sixfold.® Neutralization with
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a combination of zinc and 1,3-bis(aminomethyl) cyclohexane (BAC) caused a slight
distortion in the local environment of zinc atoms as evidenced by an increase in breadth
of the first-shell peak, which was attributed to an increase in the Debye-Waller factor.
At 105°C a shoulder at low R was apparent, which the authors attributed to Zn-N
coordination in the first shell. The peak due to Zn-O coordination remained in the same
position, but the intensity of the peak decreased with increasing temperature. According
to the analysis, the decrease in intensity was caused by an increase in the Debye-Waller
factor, while the coordination number remained constant.

These authors have used a number of other analytical techniques to investigate the
effect of room temperature annealing on E-MAA ibnomers, including: tensile testing,®
far-infrared spectrometry,®® DC conductivity,* dielectric relaxation,”” and dynamic
mechanical analysis.*® Perhaps the strongest evidence for ionic crystallite ordering was
the gradual increase in tensile modulus that occurred upon room temperature annealing.
The modulus increased nearly an order of magnitude, and the increase correlated with the
area of the DSC annealing peak. Far-infrared spectra showed a decrease in the frequency
of the Zn-O vibration near 250 cm™ above the transition temperature. DC cpnductivity
experiments showed an anomaly near 50°C after room temperature annealing. Dielectric
relaxation spectra do not seem to be sensitive to the transition, since no clear change
occurred in either €’ or ¢" at temperatures around the annealing endotherm. However,
spectral features associated with the melting of polyethylene crystallites were very broad

and could have obscured the transition. Only phase-separated materials exhibited a
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DMTA transition on annealing at room temperature, while the DSC thermograms of both
two-phase and one-phase ionomers showed an endotherm.

Room temperature annealing of E-MAA has also been investigated as a function
of the neutralizing‘ cation.* An endothermic peak, centered between 40 and 60°C,
appeared upon storage for all cations studied (H*, Na*, K*, Mg?*, Zn?*, Cu?>*, Mn?*
and Co®*). If BAC was added to the polymer, the type of neutralizing cation affected the
behavior of the tensile modulus. In all cases the modulus initially increased with added
- BAC, but materials neutralized with Mn?* showed a decrease in modulus above 0.5 mol
of BAC per mol of carboxylate, while the modulus in materials neutralized with Zn?*,
Cu®* and Co** either continued to increase or remained approximately constant.*

| The addition of BAC to zinc-neutralized E-MAA caused the DSC room
temperature annealing peak to increase in area and shifted the position to slightly higher
temperature.®’ When equimolar amounts of methacrylic acid and BAC were mixed in
hexane, followed by evaporation and subsequent storage for 7 days at room temperature,
an endothermic peak developed at 60°C. The as-cast mixture exhibited no peak, similar
to the behavior of the ionomer.

Thirteen different émines were added to E-MAA neutralized with 0.2 mol of zinc
per mol of carboxylate (the remaining groups remained in the acid form) to test the effect

of amine type.”

Compounds with two or more amine groups were more effective in
increasing the modulus, which suggests such compounds acted as cross-linking agents.

Primary and secondary amines increased stiffness more than tertiary amines, and more
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rigid and higher boiling amines resulted in ionomers with a higher modulus than their
lower boiling counterparts. However, polymeric amines decreased the modulus. With
some amines, the tensile modulus correlated with the area of the annealing peak.

The discussions to this point have considered two hypotheses for the room
temperature annealing peak in ionomers: polyethylene crystallite melting, and an order-
disorder transition of the ionic aggregates. Another conceivable explanation for the
phenomenon is absorption of water from the atmosphere. A series of papers by Painter
and Coleman®** found that the absorption of small amounts of water in E-MAA, which
occurred even when the samples were stored over anhydrous calcium sulfate, dramatically
affected the infrared absorption spectra. Upon initial cooling from the melt, relatively
sharp bands were found in the region from 1500 to 1600 cm™ for E-MAA ionomers fully
neutralized with a metal cation. After annealing for many days or weeks at room
temperature, these sharp peaks were replaced by a broad featureless band centered near
1550 cm™ (the exact position depended on the metal cation). The investigators
conclusively showed that this dramatic change in the infrared spectra was due to water
absorption. E-MAA ionomers neutralized with zinc did not show this effect; however,
the 1500 to 1600 cm™ region of the spectra in the original, unannealed sample was
already broad and featureless. Only one set of DSC curves (for a Ca’* neutralized
ionomer) was presented, and a similar room temperature annealing peak was evident after
storage for 84 days.” Infrared results for this sample later showed the presence of

absorbed water.
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The effect of large amounts of water absorption on the room temperature annealing
peak in E-MAA ionomers has also been studied,”® with the quantity of absorbed water
determined from the weight loss after drying under vacuum at 450 K. In this study, the
authors discovered that a small amount of residual water was very strongly bound to the
cation. The position of the room temperature annealing peak shifted from 341 K to
approximately 330 K as the water content increased from 0.16 mol H,0/mol MAA to
0.5 mol H,0/mol MAA. Over this same range, the area of the endothermic peak also
decreased rapidly with increased water. As the amount of absorbed water increased

further, both the location and the area of the peak remained constant. In this recent
paper, Tadano and co-workers also presented a revised model for the ionic order-disorder
transition. By analogy with sodium hexanoate, they proposed that the endothermic peak
formed on annealing at room temperature was due to a combination of ionic crystallite
melting and melting of short methylene segments attached to the ionic groups.

As discussed in Chapter III, results from DMTA and DSC showed that the
asymmetric carbon of TAPI and DAP prevents hard segment crystallization. Further, the
molecular weight of the PTMO used in thé present studies is insufficiently low for the soft
segments to crystallize within the multiblock copolymer. Consequently, the room
temperature annealing endotherm in these PU cationomers can not be attributed to melting
of organic-polymer crystallites. In this chapter, DSC and EXAFS temperature studies
were used to determine if either formation of ionic crystallites or water absorption was

the source of this endotherm.
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| B. Results and Discussion

The room temperature annealing peak is demonstrated for the PU cationomers by

the DSC scans of Figure IV-1. Many of the same characteristics described for the

- E-MAA ionomers are displayed. In the unquaternized material, only the mixed
hard segment-soft segment glass transition discussed in Chapter III was observed. The
unannealed, fully quaternized samples displayed only a soft-phase glass transition near
-50°C. To reiterate, the absence of a hard-phase glass transition in these materials was
not surprising since the DSC scans of amorphous PUs often show no evidence of a
transition. After annealing for 54 days at room temperature in a desiccator containing dry
calcium sulfate, the initial DSC scans of the PU cationomers clearly showed a new
endothermic peak centered at approximately 60°C for M-100-Br and near 80°C for
M-100-I. The second DSC scans, which were collected following a rapid quench from
150°C, showed no evidence of the endothermic peak.

B.1. Qualitative effect of temperature on EXAFS spectra. To further
investigate the ori;gin of this peak, EXAFS experiments were performed over the
temperature range of the DSC endotherm to examine the change in local environment
around the anion. The M-100-Br samples used in the EXAFS experiments were also
stored in a desiccator over dry calcium sulfate. A short example of the analysis
procedure for EXAFS data is illustrated as follows for the bromine cationomer at 25°C.
The raw ut vs E data shown in the upper portion of Figure IV-2 was converted to x(k)
vs k, and weighted by k* as shown at the bottom of Figure IV-2. Determination of wo(E)

and normalization was done by fitting the u(E) curve to a cubic spline with three sections.
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Figure IV-1. DSC results. Polymers were solution cast from DMAc, thoroughly dried
in a vacuum oven, and stored in a desiccator containing dry calcium sulfate for 54 days.
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Figure IV-2. (Top) raw ut vs E data, and (bottom) conversion to k*x(k) vs k for
M-100-Br at 25°C.
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Because of the simple features in the XANES region, the data was truncated only 20 eV

above the edge, which corresponds to k=2.3 A, Upper'e'nergy truncation at

k=12.5 A was necessary because of noise above this value in some data sets. Fourier
transformation of the k*x(k) vs k curve resulted in the radial structure function (RSF)
shown in Figure IV-3. The units of the abscissa of the RSF are angstroms, but the peaks
are shifted from the true interatomic distances as indicated in Equation II-8, hence a
subscript F is used to differentiate this distance from the actual interatomic distance R.
Individual peaks were isolated using a Hanning function and back-transformed for further
data analysis. At all temperatures, the regions of isolation for the bromine cationomer
were 0.62-1.8 A for the first-shell peak and 2.1-2.9 A for the second-shell peak. An
identical analysis procedure was used for the model compounds.

Because a visual inspection of the RSF can give qualitative information about the
coordination shells around an atom, Figures IV-4 and IV-5 show the changes in the RSF
as the temperature was raised to 105°C. As indicated in Figure IV-1, this temperature
region encompasses the DSC endothermic annealing peak. The RSF consists of 2 peaks,
which means that there were at least two different coordination shells around the bromine
anion. The peak at lower Ry was essentially unaffected by the change in temperature,
while the second-shell peak decreased in height and the position shifted slightly towards
lower Ry as the temperature increased. The small changes in the RSF indicate that the
increase in temperature caused only minor changes in the local environment. Within the
range investigated, temperature apparently had no effect on the first coordination shell.

The shift to lower Ry, in the second peak suggests that the distance between the bromine
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Figure IV-3. RSF for M-100-Br at 25°C. This plot is the Fourier transform of the
bottom plot in Figure IV-2.
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atom and the second coordination shell may have decreaséd, but further analysis indicated
that the change in R was not outside of experimental error. The decrease in height of the
second peak establishes that either the number of atoms in this coordination shell
decreased, or the Debye-Waller factor increased.

B.2. Effect of temperature on coordination shell parameters. As will be
discussed in detail later, both coordination shells were probably comprised of more than
one type of atom and/or the shell consisted of one atom at a large distribution of
distances. In either case, the ratio method cannot generally be applied to coordination
shells with such characteristics. However, application of the ratio method in the present
study seemed to give legitimate results, since analysis suggested that nothing changed
within experimental error except the number of atoms in the second shell. Figure IV-6
shows the results of the analysis for the first shell using the ratio method; no stétistically
significant changes were observed in either the Debye-Waller factor or the coordination
number as the temperature increased. Error bars were calculated assuming no changes
in the first-shell parameters, and represent two standard deviations. The percentage errors
agree well with a much more careful calculation of the error in nickel and zinc-neutralized
sulfonated polystyrene ionomers.”” As the temperature increased, one would have
expected an increase in the Debye-Waller factor. However, as was shown for lead® and
confirmed in this study, the increase of o® over a temperature range of less than 100°C
is not greater than the experimental error. R also did not change significantly with

temperature.



78

1.2
()
1.1+
o
< 10}
Z
0.9 }
O
S | (b)
~ O—
*
N/\
o ~1r
S -2y
T (c)
-
-
o
L
4
O
o
-
LL' 1 | 1 I I 1

0 20 40 60 80 100 120
Temperature (°C)

Figure IV-6. Results of the ratio method for the first shell using the data at 25°C as the
reference: a) ratio of effective coordination numbers; b) difference in the square of the
Debye-Waller factors; ¢) DSC thermogram of a sample prepared and stored under
identical conditions, with the scan taken within 1 day of EXAFS data collection. Notice
the temperature range of the EXAFS data encompasses the endothermic peak.
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For the second shell, Figure IV-7 indicates that the coordination number decreased
over the temperature range of the DSC endotherm. If the second shell consisted of more
than one type of atom, but only one type of atom left, the fraction of departing atoms
would be eveﬁ greater than the vertical scale indicates. By varying the analysis procedure
slightly (for example truncating at k=10 A"), the vertical scale was altered in magnitude;
however, the effective coordination number always decreased with increasing temperature.
The behavior of the Debye-Waller factor was dependent on the analysis conventions; it
* was either constant or decreased with temperature. Since a decrease in the Debye-Waller
factor increases the RSF peak height, the decrease in the second-shell peak height was
solely a result of a change in coordination number. Finally, the same general trends were
observed in data from a second sample with a lower signal-to-noise ratio; the first shell
was unaffected by temperature, while the second shell showed a decrease in peak height
at increased temperatures which the ratio method attributed to a decrease in N/N_.

In E-MAA, the first and only coordination shell in EXAFS studies® was oxygen,
which did not allow unambiguous assignment of the change in coordination environment
to either water evaporation or crystallite melting. However, the data in that paper seems
to support the former more than the latter. For materials with BAC, one would expect
a decrease in RSF peak height if water were leaving the coordination shell in E-MAA and
nitrogen were entering the coordination environment of zinc, which agrees with
experimental observation. The introduction of nitrogen into the local environment of
water-free zinc as a result of an ionic crystallite melting process is much more difficult

to rationalize, since charge neutrality must be maintained and the constancy of the radius
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suggests that the coordination number was unchanged. For materials without BAC, the
observed relative insensitivity of the RSF to temperature would be éxpected with either
water evaporation or aggregate melting, and therefore cannot be used to distinguish
between the two possibilities.

An EXAFS study of lead as the temperature was raised through the melting
transition®® suggests that the changes in EXAFS spectra seen in thé present investigation
and the previous E-MAA study are not consistent with ionic crystalline melting. The only
consequence of melting in the EXAFS signal of lead was a discontinuous decrease in the
coordination number, which the authors argued was caused by a 5 order of magnitude

| }increase in the diffusion coefficient. Atoms rapidly moving from one site to another will
not contribute to the Fourier transformed EXAFS signal, since the data do not extend to
zero wavenumber. In the ionomers, one would expect little or no change in the diffusion
coefficients of the atoms located in the first or second shells upon hypothetical ionic
crystallite melting. One would therefore not expect any change in the first or second
shells of the RSF if the endotherm was related to an ionic order-disorder transition, which
certainly contradicts the experimental observations in both EXAFS studies.

B.3. Simulated spectra of model bromine-containing compounds. Additional
quantitative analysis of the EXAFS patterns was completed using the simulation package
FEFF5®. A comparison of EXAFS patterns at the bromine K-edge of CBr, and NaBrO,
to simulations showed tﬁat both the positions and number of atoms in at least the first |
shell can be predicted accurately, with only the Debye-Waller factor and the amplitude

reduction factor as fitting parameters. E, for the experimental data was determined by
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using the ratio method with the simulated spectrum as the reference data. The fitting
results using the known crystal structures for CBr, and NaBrO, are given in Table IV-1,
while a graphical comparison of the RSFs are given in Figures IV-8 and IV-9. For CBr,,
the agreement is excellent for all three peaks even though the crystal structure of this
compound is quite complicated.” However, the calculated value of the Debye-Waller
factor for the first shell is physically unrealistic. A slightly worse fit can be obtained by
increasing the Debye-Waller factor for the first shell, decreasing Sy2, and increasing the
Debye-Waller factor for the second shell. In NaBrQ,, the agreemeﬁt of the experimental
RSF with the simulated pattern using the known crystal structure'® was not as good, but
once again the agreement for the first shell is excellent.

Based on the discussion of EXAFS theory in Chapter II, the amplitude reduction
factor should only depend on the central atom. As expected, the factor was constant
within experimental error for the two standards. It should be emphasized that in spite of
some differences, fits of experimental and simulated RSFs for the two model compounds
were generally excellent. For example, using only four adjustable parameters (E,, ¢* for
the first and second shells, and S¢?) the fit in Figure IV-8 for CBr, was obtained. Also,
the values for S,* were reasonable since S;*> should be between 0.7 and 1.0.!! Further
simulations in our laboratory of other model compounds, where bromine is not the
absorbing atom, have shown that FEFFS5® is generally quite accurate in quantitative
prediction of the first two shells using reasonable fitting parameters;””'? in fact the

- disagreement in the higher shells of NaBrO, was somewhat surprising.
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Figure IV-8. Comparison of RSFs for experimental data of CBr, and the FEFFS fit using
the parameters listed in Table IV-1.
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Figure IV-9. Comparison of RSFs for experimental data of NaBrO, and the FEFFS5 fit
using the parameters listed in Table IV-1.




EXAFS Parameters® of Model Compounds

Table IV-1
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Compound and Shell S¢  E, (eV) R(A) N o* (A?)
CBr,? 0.85 13480
C-Br 1.925 1 0
Br-Br 3.126 3 0.008
NaBrO,° 0.785 13470
Br-O 1.65 1 0.004
Br-O 297 2
Br-Na 3.82 1

Parameters in bold were fixed based on published crystal structures; plain text
parameters were fitted.

®CBr, actually has four different Br-C distances and 16 different Br-Br distances which
correspond to four distinct molecules within the unit cell. One of these molecules was

used in the simulation. Because the arran

simulated pattern was small if a different molecule was used.

gements are very similar, the change in the

“The second and third shells for NaBrO; did not have the same qualitative features as
the experimental data as seen in Figure IV-9, therefore no fitting of these shells was

performed.
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EXAFS spectra of tetramethylammonium bromide were also collected. Because
of time constraints, these spectra were collected at CHESS rather than SSRL.
Unfortunately, the signal-to-noise ratio of the data sets was much poorer than for
M-100-Br and the other model compounds, so data sets for N (CH,;),Br were truncated at
k=8 A, Radial structure functions for two different samples are shown in Figure IV-10.
The relative error was quite large, but a quick inspection of the ordinate scale indicates
that the amplitude of the EXAFS oscillations were extremely small. The reproducibility
of the position and number of peaks indicates that the features in the RSFs are real, but
the rather large differences in relative intensities of the peaks are a result of the error
associated with the extremely weak EXAFS signals.

The interpretation of the specfra in Figure IV-10 presents quite a problem.
According to the published crystal structure,'® the first shell for bromine should be
comprised of three carbons at a distance of about 2.9 A. FEFFS5® simulations indicate
that the Br-C distance in Figure IV-10 is approximately 1.95 A, which is nearly identical
to the ionic radius of Br’, and very close to the Br-C distance in CBr,. Based on the good
agreement of simulations in the other two standards, it is extremely unlikely that FEFF5®
is in error. Another possibility is that the crystal structure may be incorrect. For this
compound, WAXS is only sensitive to Br atoms since the scattering power of bromine is
much higher than that of carbon or nitrogen. Therefore, the Br-C crystallographic
distance in Reference 103 was inferred from the unit cell of the atoms coupled with the
position of the bromine atoms. Raman spectra of tetramethylammonium salts have shown

that the N(CH,), " tetrahedral is greatly distorted after the introduction of halide atoms,'®
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Figure IV-10. RSF for two samples of N(CH;),Br from data collected at CHESS.
Different line styles are used only to improve viewing.
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which supports the hypothesis that the simple interpretation of the WAXS patterns may
led to an incorrect Br-C distance. The EXAFS results of both N(CH,),Br and M-100-Br
suggest that the C-Br distance may be much closer than previously thought, and the bond
between bromine and the tetramethylammonium group must be at least partially covalent,
which is not inconceivable on the basis of the Raman results. The experimentally
observed second-shell distance of 2.8 A is reasonable for the distance between bromine
and the ammonium nitrogen, given a first-shell distance of 1.95 A.

However, the fitted value of S,°=0.07 is much too small to suggest that this
simple interpretation is correct. The reasonable values of S,2 obtained for the other
standards again suggest that software error is unlikely. Another explanation would be that
a small percentage (about 10%) of the bromine atoms are in the postulated covalent-
bonded structure, while the remainder of the atoms are in the published crystal structure
having ionic character. This model cannot fully describe the experimental results either,
since a Br-C distance of 2.9 A for the 90% of the molecules in an ionic configuration
would produce a large peak near the observed second-shell peak, and thus S 2 still would
have to be extremely small. A plausible explanation is that the Br-C bond has both
covalent and ionic character, with rapid fluctuations between the two structures. As
shown by Stern er al.,”® an atom which hops between sites will not exhibit EXAFS
oscillations since the analysis does not include data near zero wavenumber. However,
such a model is not easily simulated, and thus at this time the extremely small amplitude
reduction factor remains unexplained. The important conclusions for this investigation

are that the peaks in the N(CH;),Br standard are real, the peaks in the standard and
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M-100-Br are close to the same posiﬁons, and the peak heights for bbth the standard and
the cationomer are much srﬁaller than predicted.

The data used to create Figure IV-3 were truncated at k=8 A, and a RSF was
created to compare the N(CH,),Br standard with the cationomer. As shown in
Figure IV-11, the first-shell peak is in the same position in both spectra, but the second-
shell peaks are shifted. As discussed previously, the data quality for the standard is poor,
and this undoubtedly accounts for some of the shift. The presence of water in the
cationomer would also shift the second peak position, as will be discussed below.
Without better quality data for the standard, the difference in peak heights between the
cationomer and the standard cannot be addressed. From the chemical structures, one
would predict that the local environment in the cationomer and standard are nearly
identical, but the stronger oscillations in the cationomer could indicate differences more
substantial than expected.

B.4. Simulated spectra of M-100-Br. The first shell in the cationomer is
probably composed of carbon. On the basis of stoichiometry and tetrahedral symmetry,
one would expect three carbon atoms per bromine atom. Simulations indicate that if the
first shell is composed of carbon, there are 0.5 carbon atoms for every bromine atom.
Therefore, FEFF5® simulations of a hypothetical Br-C first shell do not agree completely
with the experimental RSF; however, the choice of any other atom in the first shell also
suffers from this discrepancy in peak heights. In addition, the width of the first-shell
peak, particularly the marked asymmetry towards higher Ry, indicates at least two

different Br-C distances. Based on the peak and shoulder positions, the range in the Br-C



90

- - - N(CH3)4Br Standard
- —— Cationomer

N

—_)

Radial Structure Function

Rv,_- (Angstroms)

Figure IV-11. Comparison of the RSFs for M-100-Br and N(CH;),Br. The RSF for the
cationomer is not identical to Figure IV-3 because the raw data were truncated at k=8A
for this figure.
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distance seems to be 1.92 to 2.05 A. Figure IV-12 shows a simulation of three carbon
atoms at 2.02 A with a second shell consisting of one Br-N atom at a distance of 2.33 A,
which is the absolute minimum distance for Br-N based on space filling calculations using
published C-N bond distances and the proposed distance to the first shell.

In the second shell, simulations demonstrate that Br-C, Br-N and Br-O all produce
RSF peaks at nearly the same R; for a given R. Since carbon, nitrogen and oxygen are
the only logical possibilities for the second shell, the middle of the broad second shell
corresponds to a distance of approximately 2.8 A. The width of the second-shell peak
suggests that either the seéond shell is composed of one atom at more than one distance,
or more than one type of atom. The discussion that follows shows that the second-shell
peak of the RSF results from at least two different types of atoms, one of which is oxygen
from water. A Br-O distance of 2.8 A is reasonable given the respective radii of water
and bromine.

B.5. Vacuum drying experiments. As previously discussed, the changes in the
EXAFS spectra of M-100-Br with temperature can not be rationalized by ionic crystallite
melting, but appear consistent with water evaporation. An incomplete understanding of
the cation local environment hinders proof of the supposition that the room temperature
annealing peak results from water absorption. To further prove this hypothesis, a sample
was allowed to anneal in a desiccator for approximately 9 months. The sample was then
dried for one week in a vacuum oven at approximately 1 torr and 20°C, which is below
the annealing endotherm. Since the melting process is essentially independent of pressure

in the range 1-760 torr, one would expect no change in either the EXAFS spectra or DSC
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Figure IV-12. FEFFS5 simulation of the RSF in Figure IV-3 using a Debye-Waller factor
of 0.005 for both shells and S=0.13. To match intensities of the first-shell peak, an
atypical value of S,2 was used in simulations. As discussed in the text, the RSF peak
~ heights of both M-100-Br and the model compound N(CH,),Br were lower than predicted.
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thermograms after this treatment if the transition were due to ionic crystallite melting.
In order to facilitate mass transfer of water, the sample was prepared in the form of flakes
rather than compression molded discs. As shown in Figure IV-13, EXAFS patterns
collected at CHESS of the cationomer before and after vacuum drying at 20°C agree
qualitatively with data collected at SSRL as a function of temperature. Specifically, the
second-shell peak decreased in magnitude upon vacuum drying or upon heating, while the
first-shell peak was essentially unchanged. The peak positions for both shells shifted
more for the vacuum dried sample than the heated sample. A higher initial water content
for the sample in the vacuum drying experiment, as indicated by the ratio of the ﬁ;st— to
second- shell peak heights in Figure IV-13 as compared to Figures IV-4 and IV-5, could
explain the less pronounced shifts for the heated sample. The dramatic position shift of
the second-shell peak before and after vacuum drying also supports the premise that the
second shell in Figure IV-3 is due to at least two atoms.

Even more convincing that the room temperature annealing peak was due to water
comes from the result that no endothermic peak was found in DSC scans of the vacuum
dried material. Finally, a weight loss of 0.84% was measured after drying, which
corresponds to 0.5 H,O molecules per bromine atom. The RSF peak height of FEFF5®
simulations for a Br-O coordination shell located at 2.8 A, with 0.5 oxygens for every
bromine atom, was consistent with Figures IV-3 and IV-13 using reasonable values for
the Debye-Waller factor and S,>. Therefore, in spite of the questions concerning the
underlying structure, these findings conclusively show that the room temperature

annealing peak in these cationomers is caused by water absorption.
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Figure IV-13. RSF of M-100-Br before and after drying for 1 week in a vacuum oven
at room temperature and approximately 1 torr.
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B.6. Second look at previous E-MAA ionomer studies. In light of the

conclusion that the room temperature annealing peak of the polyurethane cationomers
results from water absorption, data presented in References 81-91 and 96 were
reexamined. Certain observations in those papers also seem to support a mechanism of
water desorption rather than ionic crystallite melting as the cause of the endotherm.

More specifically, (1) when E-MAA was annealed at room temperature, a DMTA
transition in E" coincident with the DSC endotherm appeared, but did not appear after
annealing at -5°C.% Since there is no evidence of a change in the structural state of
E-MAA betweenAthe two temperatures, this result is difficult to rationalize in terms of
crystallite melting. However, if water absorption was the cause, then the low absolute
humidity of air at -5°C could explain the absence of the DMTA transition at this
temperature.

(2) The temperature of the annealing endotherm in E-MAA was essentially
independent of the type of metal cation. If the endotherm is due to ionic crystallite
melting, then one would expect some dependence on metal cation type, since the melting
point of similar small molecule compounds consistently varies with the metal cation. For
example, the oxides of sodium, copper, zinc and magnesium melt at 1275, 1326, 1975
and 2850°C, respectively. Similarly, the carbonates of lithium, sodium and potassium
melt at 723, 851 and 891°C, respectively. If the endotherm were due to water absorption
or crystallization of methylene segments, as proposed in the revised model,* then the
temperature of th¢ transition would likely be independent of the metal cation type and fall

in the observed range of 50-80°C.
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(3) The addition of BAC increased the area of the DSC endotherm.®! Because of

its amino groups, BAC would selectively partition to the ionic aggregates. It is difficult
to explain how a bulky organic molecule increases the crysftallinity within an aggregate
but does not change the melting point, which must occur if the endothermic transition is
attributed to ionic crystallite melting. In terms of water absorption, addition of BAC
reduces the packing density of the aggregates and provides two amine sites that
energetically favor water. Both factors would increase the affinity of the ionomer for
water, and tend to support a hypothesis of water absorption rather than ionic crystaliite
melting as the cause of the room temperature annealing endotherm in E-MAA ipnomers.
However, not all the results in these previous references support water absorpﬁon.
Perhaps the strongest evidence against this interpretation was the dramatic change which
occurred after cold drawing of annealed E-MAA.* Both the position and the area of the
endothermic peak decreased substantially after cold drawing, which seems inconsistent
with water absorption. Also, the recent introduction of a microcrystalline model that
includes contributions from methylene sequences® raises possibilities not addressed in this
investigation. With a more complex morphology which includes matrix crystallinity,
more than one process may occur in E-MAA ionomers when annealed at room
temperature, including secondary crystallization of the matrix and water absorption.
Unfortunately, EXAFS may be of little use in analogous investigations of E-MAA
ionomers, since the carboxylate oxygen atoms are likely not distinguishable from the

oxygen atoms of water.
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C. Summary

Temperature-dependent EXAFS studies of M-100-Br have shown that a DSC
endotherm centered near 60°C, which appeared when the cationomer was annealed for
a few weeks at room temperature, correlated with a change in the second shell of the local
environment surrounding bromine, while the first shell was unaffected. Although the
details of the local environment could not be fully explained, EXAFS results indicated that
water was leaving the second coordination shell of thé anion. When the cationomer was
vacuum dried at a temperature below the endotherm, a small but measurable weight loss
was found. Drying the sample in this manner also eliminated the DSC endotherm, and
produced EXAFS spectra qualitatively similar to those obtained during heating. These
results strongly suggest that the endothermic peak contains contributions from the energy
change associated with water vaporization along with the energy change associated with
water leaving the immediate coordination environment of the bromine ion.

Elimination of ionic crystallite melting as a probable mechanism for the room
temperature annealing endotherm is important to the fundamental understanding of PU
cationomers, since formation of ionic crystallites would necessitate the presence of ionic
aggregates, and all other evidence in this thesis indicates that the ionic groups of PU
cationomers do not aggregate. This study also emphasizes the extreme hydrophilicity of
ionomers, since the observed water absorption occurred in samples stored over dry
calcium sulfate. Such water sensitivity has also been noticed in EXAFS studies of

carboxy-telechelic polyisoprenes'® and sulfonated polyurethane ionomers. %
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Chapter V. Fourier Transform Infrared Temperature Studies
A. Introduction

In Chapter III, the morphology and properties of the PU cationomers were
investigated. Results showed that the bulky pendant groups, attached to asymmetric
carbon atoms, prevented crystallization in the hard domains. Consequently, little or no
phase separation was evident in the unionized polymers. On quaternization, dramatic
improvements in phase separation and mechanical properties were observed. The
Young’s modulus and tensile strength were found to increase by as much as two orders
of magnitude, and the temperature at which the polymer underwent viscous flow was
increased by over 100°C. Although differential scanning calorimetry and dynamic
mechanical analysis suggested that ionic interactions were the primary driving force for
phase separation in the cationomers, results of small-angle X-ray scattering and tensile
testing indicated a lamellar morphology typical of conventional polyurethanes with |
semi-crystalline hard segments. Further, there was no evidence of ionic aggregation
within the lamellae. This led to the question: If ionic functionality is responsible for the
tremendous improvement in mechanical properties, but there appears to be no ionic
aggregation, what are the specific interactions or physical crosslinks in these materials?

Specific interactions in polyurethanes, particularly hydrogen bonding, have been
extensively studied using infrared spectroscopy. Investigators have sought correlatiohs
between the type or extent of hydrogen bonding in the polyurethane and its molecular
structure,'”!”7  degree of phase separation,!%!12115.117,118-123 response  to

deformation,"" 11124125 or thermal transitions. !10-113:115,121,126-129 Knowing the specific
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location along the polymer chain of the various functional groups that participate in
hydrogen bonding‘ makes such investigations possible. In conventional segmented
polyurethanes, the hydrogen atom of the N-H group in the urethane linkage is the proton
donor. A number of proton acceptors are usually present including the urethane carbonyl
and alkoxy oxygens, and ester or ether groups which may be incorporated in the soft
segments. Hydrogen bonds are indicated by a shift in the stretching frequency of the
proton donor or acceptor to lower energy versus the value observed when the group is
"free" (i.e. not hydrogen bonded).

Far fewer infrared studies have been performed on PU cationomers. Dietrich et
al.* noted a shift of the N-H band in a segmented PU cationomer to lower frequencies
on quaternization, ‘and suggested the shift was likely attributable to an increase in the
number of hydrogen bonds formed, as coulombic forces aligned the urethane linkages of
neighboring polymer chains. In a study of oligourethanes with terminal amine groups,
Lipafov and co-workers™ reported similar infrared results. In addition to a frequency
shift of the N-H band, they observed that on ionization a high fraction of N-H groups
remained hydrogen bonded, while most of the carbonyl groups became free. Although
quantitative interpretation of the spectra was not attempted, the results supported a
redistribution of N-H hydrogen bonds from the urethane carbonyl to the iodine ion. In
a later paper on multiblock PU cationomers,* they postulated a wide array of interactions
that included ionic aggregation, N-H to anion bonding, and attractions between the
positive charge of the ammonium group and urethane carbonyls. In a number of PU

cationomers, Chan and Chen**#! noted similar changes in the N-H and carbonyl regions
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on quaternization. However, interpretation of the carbonyl band was complicated by
contributions from the glycolate ion used to neutralize the quaternary amine.

In this Chapter, Fourier transform infrared (FTIR) temperature studies were
completed on the M-###-1 polyurethane cationomers. Spectral deconvolution was used
to obtain semiquantitative information on the distribution of hydrogen bonds as a function
of temperature and ion content. The results for each polymer were related to its chemical
sfructure, thermomechanical properties, and morphology. Such information was used to
gain further insight into the nature of the specific interactions, the arrangement of ions
within the lamellae, and the mechanism of the upper transition in dynamic mechanical

thermal analysis.

B. Results

Room temperature spectra for the M-###-1 catibnomers are shown in Figure V-1.
Close examination of the spectra reveals that on jonization no new vibrations, only
relative changes in intensity or position of bands, are observed. Two main spectral
regions are of interest in this study; N-H stretching from 3150 to 3500 cm?, and the
amide I absorption band (commonly referred to as carbonyl stretching) from 1650 to
1800 cm™. In this section, the effect of temperature on the two spectral regions is
presented. Results are then discussed for each polymer in terms of its chemical structure
and morphology.

B.1. N-H Stretching Region. FTIR spectra of the N-H stretching region,

obtained during heating from 30-180°C, are shown for each of the three PU cationomers
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in Figures V-2 to V-4. Looking first at the room temperature spectrum of sample M-0-1,
one can readily identify at least four bands. The broad absorption centered at
approximately 3300 cm™ is assigned to hydrogen bonded N-H groups, while the free N-H
stretch appears as a small shoulder at 3445 cm?. Bands at 3400 and 3180 cm? are
attributed to overtones of fundamental vibrations in the carbonyl region. Again looking
at only room temperature spectra, the hydrogen bonded band broadens and shifts to lower
frequencies with increasing ion content. This shift in position of the band maximum
corresponds to an increase in the average strength of the hydrogen bond at higher ion
concentrations.

For the unquaternized polymer M-0-1, Figure V-2 shows that the band associated
with hydrogen bonded N-H groups broadens and shifts to higher frequency as the
temperature increases. A substantial decrease in band area is also evident. Similar trends
have been observed in model polyurethane hard segments,””'*® and in segmented
polyurethanes with amorphous or semi-crystalline'>*?1? hard segments. A clearly
different behavior is observed in the quaternized polymers, M-50-I and M-100-1, of
Figures V-3 and V-4,respectively. At intermediate temperatures, one can see that the
broad band earlier attributed to hydrogen bonded N-H groups is in fact two bands. The
position of the band at higher wavenumbers matches closely that observed in a variety of
non-ionic polyurethanes, and will be referred to hereafter as a "traditional" hydrogen
bond. The second band, lower in frequency by some 50-100 cm?, is assigned to N-H
stretching where the N-H groups are hydrogen bonded to the iodine anion. A lower

frequency vibration is consistent with this assignment, since a greater hydrogen bond
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Figure V-2. FTIR spectra of M-0-I in the N-H stretching region as a function of
temperature from 30 to 180°C.
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Figure V-3. FTIR spectra of M-50-I in the N-H stretching region as a function of
temperature from 30 to 180°C.
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Figure V-4. FTIR spectra of M-100-1 in the N-H stretching region as a function of
temperature from 30 to 180°C.
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energy would be expected with a halide ion as compared to carbonyls or ethers. An
analogous shift has been reported for hydrogen bonding of alcohols to low molecular
weight compounds containing halide ions."*"'3> Band assignments for the N-H region (and
the carbonyl region discussed below) are summarized in Table V-1.

Reversibility of the results of Figures V-2 to V-4 was tested by heating samples
to 180°C, and acquiring spectra on cooling. As shown in Figure V-5 for M-100-1, the
process is clearly not reversible from 180°C. In fact, the N-H region of the final
spectrum at 30°C resembles an initial spectrum of M-0-I more closely than an initial
spectrum of M-100-I. Not surprisingly, dequaternization was verified in the PU
cationomers at elevated temperatures through measurement of the iodine content, as
shown in Chapter VI. The N-H stretching region of the infrared spectrum appears to be
very sensitive to even small levels of dequaternization. Figure V-6 shows a mere 2%
weight loss for the cationomer M-100-I in thermogravimetric analysis up to 200°C. Since
the time scale of the FTIR cooling experiment and TGA are comparable, the dramatic
difference between the initial and final spectra of Figure V-5 is therefore likely
accompanied by a loss of no more than 15% of the ammonium groups. Through trial and
error, the maximum temperature for complete reversibility of the observed changes in
infrared spectra during heating was determined. As shown in Figure V-7, spectra
obtained during cooling the PU cationomers from 140°C closely match those obtained
during heating at all temperatures.

Deconvolution of the N-H stretching region was completed on spectra up to 140°C

using the curve-fitting program PeakFit® available from Jandel Scientific. Limits of the
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Figure V-5. The N-H stretching region of M-100-I recorded as a function of decreasing
temperature from 180°C. An ’Initial’ spectrum of M-100-I, taken at room temperature
prior to heating, is included for comparison.
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Figure V-6. Thermogravimetric analysis of the cationomer M-100-I in dry nitrogen at
a scan rate of 3°C per minute.



109

"D.0%1 woyy srnjeradwo) Sursearoop
Jo uonouny & se 1-001-W (2 pue ‘I-0S-IW (q ‘T-0-IN (8 10j uor3ar Suryorens H-N oy ur endads Jrrd ‘L-A 9anSyg

(- wo) JsgqwnuaADm
_vl

00ce 00¢g o00ve - 00¢¢ 00¢e o00ve 00ce 00¢¢ 00%¢ oonm

ocl
Ol




110

Table V-1

Summary of Relevant Band Assignments

Assignment Frequency (cm™) Occurrence
N-H stretching region ~3150-3500
free N-H 3445 M-0O, M-50, M-100
N-H bonded to anion 3260 M-50, M-100
N-H bonded to ether® 3300 M-0
N-H bonded to carbonyl 3326 M-0O, M-50, M-100
C=0 stretching region ~1650-1800
free C=0 1736 M-0, M-50, M-100
hydrogen bonded C=0 1710 M-0, M-50, M-100
Aliphatic C-H stretching 2820-2980P
Aromatic C-C stretching 1412

® Band likely comprised of N-H bonded to ether and carbonyl groups.
® Arbitrarily defined limits of region for use in normalization.
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curve-fit were set at 3250 and 3500 cm™ for M-0-1, and 3210 and 3500 cm™ for M-50-I

and M-100-I, to avoid the low frequency overtone vibration at 3180 cm”. Gaussian
functions were assumed for the three bands of M-0-I (assigned to the free and
“traditional” hydrogen bonded N-H groups, and the overtone vibration at 3400 cm?), and
the four bands of M-50-1 and M-100-I (same three as M-0-1, plus the band assigned to
N-H groups hydrogen bonded to the anion). The PeakFit® program determines the best
fit of the experimental data by varying the frequency », width at half-height FWHM, and
area of each band using the Marquardt-Levenberg algorithm.  Coefficients of
determination were greater than 0.999 for all three samples at all temperatures. In spite
of the excellent fits (Figure V-8), quantifying the distribution of the different types of

N-H groups is not possible. The absorptivity coefficient, o, of the N-H and O-H
stretching vibrations has been shown to be a strong function of frequency. 13313 1 this
study, the frequency of the vibration for bands associated with N-H groups hydrogen
bonded to anions and "traditional” proton acceptors vary significantly with temperature.
Also, the absorptivity coefficient likely varies enough across the frequency range of some
bands that a proper shape can not be assigned, with the result that any peak deconvolution
may be invalid. This was of particular concern in the present study where a number of
N-H stretching bands are unusually wide. In fact, not curve fitting the N-H region at all
was contemplated, since the reader may be tempted to "use the numbers” to obtain

quantitative information. Hopefully the cautionary discussion above is sufficient
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3500 3400 3300 3200

wavenumber (cm )

Figure V-8. Typical deconvolution of the N-H stretching region into four gaussians. The
solid line is the analytical function over the limits of the curve-fitting procedure, while
the x’s mark the experimentally obtained absorbance every 10 cm™.
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to prevent such overinterpretation of the data. With the extensive overlap of bands in thé
N-H stretching region, curve fitting was performed to aid the eye of the reader in seeing
trends.

Optimum parameters for curve fitting the N-H stretching region of the PU
cationomers from 30-140°C are given in Table V-2, with area changes displayed
graphically in Figure V-9. In cases where a band contributed only a small fraction of the
total N-H stretching absorbance, one or more of the band attributes were fixed to aid
convergence (as indicated by an * in Table V-2). Smooth trends with temperature, and
relative agreement of band positions between the different samples, impart some level of
confidence in the results. ~ The position of the high-frequency overtone is quite
consistent between samples, ranging from 3401-3404 cm™ at room temperature and
increasing smoothly to 3410-3414 cm™ at 140°C. In all three polymers, the FWHM of
the overtone changes considerably with temperature, and not always in the same direction.
Predicting the absorbance of two-phonon bands is difficult, so the changes in band width
with temperature could be real; however, they may also be a consequence of the
previously discussed limitations in curve fitting broad band shapes.

The frequency of the free N-H vibration was also relatively insensitive to
temperature and ion content, varying from 3438 to 3445 cm™ at 30°C and by only a few
wavenumbers between 30°C and 140°C. The small absorbance of this band complicated
its deconvolution in all spectra. For sample M-100-I, the FWHM ranged from
approximately 14-25 cm™ during a first pass of curve-fitting, displaying no clear trend

with temperature. In subsequent curve-fitting of M-100-I, the FWHM of the free band
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Table V-2
Curve-Fitting Parameters for the N-H Stretching Region
free N-H overtone
v FWHM v FWHM
Sample (°C) (cm™) (cm?) Area (cm™) (cm?)  Area
M-0 30 3438 39 1.1 3401 28 0.7
50 3439 34 1.2 3403 30 1.0
60 3439 33 1.2 3404 31 1.1
70 3440 31 1.2 3405 32 1.2
80 3440 29 1.3 3407 33 1.4
90 3441 28 1.3 3408 35 1.5
100 3442 26 1.3 3410 36 1.6
110 3442 25 1.3 3411 37 1.8
120 3442 24 1.3 3412 38 1.8
130 3443 23 1.2 3413 39 1.9
140 3443 23 1.2 3414 41 1.9
M-50 30 3441 25" 0.55 3404 41 1.0
50 3441 25° 0.64 3404 45 1.4
60 3441 25 0.68 3404 47 1.9
70 3441 24 0.72 3404 49 2.3
80 3442 24 0.74 3405 52 2.9
90 3442 24 0.76 3406 54 3.2
100 3442 23 0.76 3408 58 4.0
110 3442 22 0.76 3409 59 4.3
120 3442 22 0.80 3410 60 4.6
130 3442 22 0.82 3410 61 5.0
140 3442 22 0.82 3412 62 5.3
M-100 30 3445 187 0.11 3402° 105" 7.9
50 3445 18f 0.18 3402 105 7.4
60 3444 187 0.16 3401 104 7.9
70 3445 187 0.21 3401 93 7.9
80 3444 187 0.24 3401 88 7.8
90 3445 18* 0.26 3402 84 7.7
100 3444 18° 0.28 3403 83 7.9
110 3443 187 0.29 3406 79 7.2
120 3444 187 0.35 3408 77 7.1
130 3443 18* 0.35 3409 75 6.9
140 3443 187 0.35 3410 74 6.3

"Fixed at average value obtained during first pass of curve-fitting.
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(Continued)
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“traditional" N-H H-bond

N-H H-bonded to I"

v FWHM v FWHM
Sample (°C) (cm™) (cm')  Area (cm™) (cm?)  Area
M-0 30 3300 131 48
50 3305 134 46
60 3308 135 45
70 3310 137 44
80 3312 138 43
90 3314 139 42
100 3317 141 41
110 3319 143 40
120 3321 144 39
130 3324 146 38
140 3326 149 37
M-50 30 3326" 55 1.4 3272 174 76
50 3328 65 2.4 3272 183 76
60 3330 72 3.5 3270 187 74
70 3333 77 4.4 3269 190 72
80 3334 79 5.2 3268 191 70
90 3335 79 5.2 3268 194 69
100 3337 82 6.4 3266 193 65
110 3338 84 6.7 3265 194 63
120 3340 85 6.9 3265 195 61
130 3341 89 8.0 3263 193 56
140 3344 89 7.7 3266 191 54
M-100 30 3326° 56 1.8 3262 175 72
50 3326 65 3.3 3255 177 73
60 3326 73 5.7 3249 175 72
70 3328 75 6.7 3247 176 72
80 3330 78 8.0 3244 174 72
90 3331 82 9.9 3241 172 71
100 3332 84 10.7 3239 172 69
110 3335 87 11.5 3238 172 67
120 3336 88 11.8 3236 173 66
130 3338 90 12.1 3237 173 63
140 3340 91 11.2 3240 172 57

*Parameter fixed based on observed trend with temperature.
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was fixed at the average value of 18 ¢cm™ obtained from the first pass. The free N-H
band of sample M-50-I displayed a near-constant FWHM (22-25 cm™) over the
temperature range, while the FWHM of M-0-I varied more than might be expected.
Since the frequency of the free N-H vibration does not vary significantly, the area of the
band is directly related to the number or concentration (but NOT fraction) of free N-H
groups, under the reasonable assumption that the absorptivity coefficient is not a function
of temperature over the experimental range. However, based on the uncertainties in area
determination the relative error in area was estimated as on the order of 50%, and
therefore any trend in number of free N-H groups with temperature can not be stated with
confidence for any of the PU cationomers. On the other hand, the observed trend of
decreasing concentration of free N-H groups with increasing ion content appears to be
real. Since all absorbances have been normalized to the area of the C-H stretch, and the
three PU cationomers have approximately the same concentration of C-H groups, a direct
comparison is valid.

As the temperature is increased from 30 to 140°C, the frequency of the
“traditional" hydrogen bonded band for M-100- increases regularly from 3326 to
3340 cm™. This indicates a decrease in the average hydrogen bond strength with
increasing temperature. At the same time, the FWHM increases from 56 cm™ to 91 cm..
At all temperatures, fitted values of » and FWHM for M—SO-I nearly duplicate those for
M-100-I. In a FTIR study of hydrogen bonding in a model PU hard segment, Coleman
and co-workers™ reported an almost identical frequency shift from 3321 to ~3342 cm

over the same temperature range. They also noted a comparable trend in the FWHM, and
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interpreted it as a narrowing of the distribution of hydrogen bond strengths on
crystallization; however, this explanation is not satisfactory for the amorphous PU
cationomers. The frequency and FWHM of the "traditional” hydrogen bonded N-H band
for the unionized polymer showed similar temperature dependencies, but the actual values
differ. This dissimilarity between the unquaternized and ionized cationomers is pursued
further in the Discussion section. The area of the "traditional” hydrogen bonded N-H
stretching band for sample M-0-I decreases by about 25% as the temperature is increased
from 30 to 140°C. It is difficult to say whether or not this corresponds to a decrease in
the number of hydrogen bonded N-H groups, since the absorptivity coefficient decreases
With increasing frequency as the temperature is raised. In contrast, the band area for the
quaternized polymers increases roughly six-fold from 30 to 140°C. This change can be
conclusively attributed to an incréase in the concentration of N-H groups hydrogen bonded
to traditional proton acceptors, since the absorptivity coefficient for the band is decreasing
as its area increases. In fact, this means that the concentration of “traditionally" hydrogen
bonded N-H groups for M-50-T and M-100-1 increases by an even greater factor than the
factor of six shown for the band area in Figure V-9.

At the same time, one can see that as temperature is increased the area of the band
assigned to N-H groups hydrogen bonded to the anion decreases. Since the total number
of N-H groups in the sample is constant with temperature, this must correspond to a
decrease in the number of anion-bonded N-H groups. In other words, as the temperature
is increased there is a shift in hydrogen bonding of the N-H groups from the anion to

traditional proton acceptors. From Figure V-9, one also observes that the area of the
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band assigned to anion-bonded N-H groups constitutes a large fraction of the total area,
particularly near room temperature. Although this likely indicates that most of the N-H
groups are bonded to the anion, the absorptivity coefficient of this band is greater than
any other band in the N-H stretching region. As with the "traditional” hydrogen bonded
N-H band of M-50-I and M-100-1, the trend in band area with temperature is in the
opposite direction of the trend for the absorptivity coefficient. From 30 to 140°C, the
frequency shifts smoothly from 3272 to 3266 cm and from 3262 to 3240 cm? for
samples M-50-I and M-100-I, respectively. The decrease in » at higher ion content
indicates that the average energy of the N-H to anion bond is greater for polymer M-100-1
than for M-50-1. Similarly, the decrease in » with increasing temperature for both M-50-I
and M-100-1 Suggests an increase in the average bond strength at higher temperatures.
This result is somewhat puzzling, but could be explained by assuming that weaker N-H
to anion bonds are the first to be transformed to "traditional" hydrogen bonds.

B.2. C=0 Stretching Region. FTIR spectra of the carbonyl stretching region,
taken during heating from 30-180°C, are shown for the M-###-1 cationomers in
Figures V-10 to V-12. All spectra appear to be composed of two bands, although there
is considerable overlap at higher temperatures. The narrower band centered at about
1736 cm™ is assigned to stretching of free carbonyl groups, while the band at
approximately 1712 cm™ is attributed to hydrogen bonded carbonyl groups. These
positions are very close to those obtained by Boyarchuk and co-workers!®’ for urethane
elastomers in dilute and concentrated carbon tetrachloride solutions, respectively. A

number of previous investigators have assigned the carbonyl stretch at roughly 1712 cm
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Figure V-10. FTIR spectra of M-0-I in the C=0 stretching region as a function of
temperature from 30 to 180°C.
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Figure V-11. FTIR spectra of M-50-I in the C=0 stretching region as a function of
temperature from 30 to 180°C.
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Figure V-12. FTIR spectra of M-100-I in the C=0O stretching region as a function of
temperature from 30 to 180°C.
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to hydrogen bonding in disordered regions (i.e. urethane linkages of interfacial regions
or "dissolved” in the soft phase)."*>**"*® In these same studies, a third carbonyl band at
a lower frequency ranging from 1684 to 1702 cm™ has been attributed to‘ stronger
hydrogen bonds in ordered or crystalline regions. Quite expectedly, the ordered hydrogen
bonded carbonyl band is not observed in the amorphous materials of this study. Zharkov
et al.'” recently suggested that the amide I band of segmented polyurethanes consisted of
no less than five absorption bands, free carbonyls at 1740 and 1730 cm?, and hydrogen
bonded carbonyls at 1725, 1713 and 1702 cm™. Discrimination of free and hydrogen
bonded carbonyls is based on the type of profon acceptor (if any) to which the
neighboring urethane N-H group is associated. It is certainly possible that the two
carbonyl bands assumed in this study are combinations of bands identified by Zharkov and
co-workers; however, the spectra of the PU cationomers showed no obvious traits which
warranted such a differentiation. Further, possible two-component bands would not
appear to compromise the more simplified division of "free" and "hydrogen bonded"
groups.

The carbonyl region was also deconvoluted using the commercial software
program PeakFit®. Limits of the curve-fit were set at 1685 and 1775 cm™ for all three
polymers, with best fits obtained using a Gaussian function for the free carbonyl and a
Gaussian-Lorentzian sum for the hydrogen bonded carbonyl. Following a trial iteration
of curve fitting in which all parameters were allowed to float, the Gaussian component
of the hydrogen bonded carbonyl was fixed at the average value of 80%. The small

contribution to the fitted region of the two bands around 1600 cm™ was included by
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visually assigning and fixing gaussian functions. Including this minor contribution was
important, but clearly erroneous values could be assumed without affecting the fitted
parameters of the carbonyl region. The PeakFit® program then determined the best fit
of the experimental data by varying six parameters: », FWHM, and area for each of the
two bands. Excellent fits were obtained (Figure V-13), with coefficients of determination
greater than 0.999 for all three samples at all teinperatures.

Optimum parameters for curve fitting the carbonyl stretching region, again limited
to a maximum of 140°C to avoid results which might be complicated by dequaternization,
are given in Table V-3, Consistency of results for the three M-###-1 polymers lends
credibility to the spectral deconvolution. The frequency of the free carbonyl band is
nearly constant, at 1737 + 2 cm?, over the entire experimental range of temperature and
ion content. Likewise, the FWHM of the free carbonyl band varies by less than 1 ¢m!
from 30 to 140°C for each of the three samples, although the band is somewhat narrower
in sample M-0-I than in either of the quaternized polymers. As would be expected, the
hydrogen bonded carbonyl band is wider by some 20 to 30 cm™ since it represents a
distribution of bond energies in an amorphous system. Comparable temperature
dependencies are observed for the FWHM in all three samples, with the band of sample
M-0-I again somewhat narrower. The frequency of the hydrogen bonded carbonyl
stretching is also relatively insensitive to ion content, and increases regularly by 6 to
9 cm™ from room temperature to 140 °C, Like the N-H stretching region, this increase
in frequency corresponds to a decrease in the average hydrogen bond strength with

increasing temperature.
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Figure V-13. Typical deconvolution of the carbonyl stretching region as described in the
text. The solid line is the analytical function of the curve-fitting procedure, while the x’s
mark the experimental absorbance every 7 cm.




Curve-Fitting Parameters for the C=0 Stretching Region

Table V-3

free C=0 H-bonded C=0
v FWHM v FWHM
Sample (°C) (cm™) (cm?)  Area (cm™)  (cm™) Area
M-0 30 1736 19 18.0 1712 36 45
50 1736 19 15.9 1714 38 49
60 1736 19 15.3 1714 40 50
70 1736 19 14.5 1715 41 51
80 1737 19 13.7 1716 43 52
90 1737 19 13.0 1717 44 52
100 1737 19 12.7 1718 45 53
110 1738 19 12.4 1719 46 54
120 1738 19 12.2 1720 47 55
130 1739 19 12.0 1720 47 56
140 1739 19 11.7 1721 48 56
M-50 30 1737 25 14.4 1709 45 42
50 1737 25 12.8 1710 48 44
60 1738 25 12.2 1711 49 45
70 1738 25 12.0 1711 50 46
80 - 1738 25 11.3 1712 51 48
90 1738 24 10.2 1713 52 51
100 1738 24 10.1 1713 53 51
110 1739 24 9.8 1714 54 52
120 1739 24 9.1 1714 55 53
130 - 1739 24 8.4 1715 56 54
140 1739 24 7.7 1716 57 55
M-100 30 1735 25 19.8 1711 44 45
50 1735 25 18.5 1712 45 46
60 1735 25 18.2 1712 46 47
70 1736 25 17.9 1713 46 48
80 1736 25 17.2 1713 47 49
90 1736 25 16.9 1714 47 50
100 1736 25 16.4 1714 48 50
110 1736 25 16.0 1714 48 51
120 1737 25 15.7 1715 50 52
130 1737 25 14.9 1716 50 53
140 1737 24 13.4 1717 51 56

126
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In all three polymers the area of the free carbonyl band (Az) shown in Figure V-14
decreases almost linearly with increasing temperature. A parallel increase in area with
temperature is observed for the hydrogen bonded band (A;). As compared to the N-H
stretching region, the frequencies of the vibrations in the carbonyl stretching region do
not shift as much with temperature, and the absorptivity coefficient is not as strong a
function of ». The band area changes of the carbonyl region are therefore directly related
to an increase in the fraction of hydrogen bonded carbonyls with increasing temperature.
This trend in the number of hydrogen bonded groups with temperature is counter-
intuitive, and in the opposite direction of all (to the best of the author’s knowledge)
previously reported infrared temperature studies on PUs with either amorphous!®,

'8, or semicrystalline!® 12112512130 hard segments. In Figure V-14, one can

mesogenic
also see that the total area of the carbonyl region (AT) increases with increasing
temperature. Since .the total concentration of carbonyl groups is constant for each sample,
the changes in total area are caused by a greater absorptivity coefficient for the hydrogen
bonded carbonyl (ap) than for free carbonyls (o). Although this difference in «
complicates calculation of the distribution of free and hydrogen bonded carbonyl groups,

the fractions can be approximated by the following analysis. The total area as a function

of temperature T is given by:
A (T) = Ay (T) + A (T) (V-1)

Substituting the Beer-Lambert law, A; = «,C,L, for the integrated absorbance of each
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band as a function of the total concentration of functional groups C and path length L,
Ar(T) = CL[ag(T) Xg(T) + ap(T) (L-X5(T))]1 (V-2)

where Xg(T) is the fraction of hydrogen bonded carbonyls. Since the results have already
- been normalized such that the CL product is a constant, A(T) is constant only if
ap(T)=ap(T). In the present-case A(T) is not constant. However, we can define

1(T) =ap(T)/ a(T), Ag (T)=r(T)AKT) and A, (T)=Ay(T)+ A" (T) such that:
A7 (T) = Ag(T) + r(T) A.(T) = CLa,(T) (V=3)

If we then assume that oy and o are constant with temperature, Equation V-3 shows that
AT* will also be a constant, with the fractions of free and hydrogen bonded groups given
by X¢(T)=Ar (T)/A;" and Xp(T)=Ay(T)/A;".

As indicated by Equation V-3, tl;e ratio of the absorptivity coefficients r for each
polymer can be obtained via a linear least-squares fit of Ay(T) versus Ax(T). Results of
the analysis are displayed in Figure V-15, with the adjusted areas A;I< and AT='= determined
from the average value of r=1.88 + 0.29 for the three polymers. All values of AT"= are
within 2% of the average for each sample indicated by a short-dashed line. The
occurrence of a near-constant adjusted total area, using a single value of r=1.88 for three
polymers which contain widely differing ion contents, bestows some credibility to the
technique. Further, the average ratio of absorptivity coefficients is in reasonable
agreement with the value r=1.71 estimated by Coleman and co-workers'® for a
semicrystalline polyurethane homopolymer. The results of Figure V-15 suggest that at

room temperature the fraction of free carbonyls is 0.43 for M-0-1, 0.39 for M-50-1, and
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0.45 for M-100-I. A steady decrease in Xy is evident for all three polymers with

increasing temperature, with the fraction of free carbonyls at 140°C approximately

0.28 for M-0-1, 0.21 for M-50-I, and 0.31 for M-100-1. Although comparable trends in
the distribution of free and hydrogen bonded carbonyl groups with temperature are
observed for all three polyurethanes, and indeed the actual fractions at all temperatures
are strikingly similar, very different mechanisms are involved for the two quaternized

polymers versus sample M-0-1.

C. Discussion

Results of the FTIR temperature experiments are discussed for each of the three
PUs in terms of its chemical structure, morphology, and thermomechanical properties.
For polymers M-0-I and M-100-1, a rough approximation of the distribution of yarious
hydrogen bonds is sought using mass balances and the calculated fractions of free and
hydrogen bonded carbbnyl groups. Since the total number of N-H and C=0 groups are

equal, the following equality can be written:

c=0

Free

+ C=Oyy = N-Hpo, * N-Hpp + N-Hpypop + N-H;- + N-Hyppooo
(V-4)

Known contributions to N-Hgy,,, include hydrogen bonding to urethane alkoxy oxygens

and ~ orbitals of aromatic rings. Direct calculation of this contribution would of course

be beneficial, but is unrealistic in the present investigation due to the complexity of the

system. Some previous studies allow estimation of the relative importance of this term.



132

In a semicrystalline PU homopolymer (hard segment analog), Sung and Schneider'!
estimated that 10-25% of N-H groups were bonded to functional groups other than the
carbonyl. With no soft segment in the material, the "other" is presumably alkoxy
oxygens and 7 orbitals. However, in a later study on multiblock urethane copolymers,'?
their results indicate that only 10-15% of N-H groups are not bonded to carbonyls. They
also state that this is an overestimate, since the fractions of hydrogen bonded and free
carbonyls were determined from peak heights, and the band width of the former is greater
than the latter. In this segmented PU, a number of the N-H groups are also likely bonded
to oxygens of the 1000 molecular weight poly(tetramethylene oxide) soft segment, since
some degree of phase mixing is certain with this oligomer. Coleman and co-workers'*°
studied a different semicrystalline hard segment analog, and estimated that 11% of
carbonyls were free at room temperature. This would be the maximum value of N-Hy,,,,
assuming no free N-H groups. Finally, Wang er al. recently suggested that the band at
approximately 3400 cm™ (which is attributed to a two-phonon vibration in this study) is
in fact the stretching vibration of N-H groups hydrogen bonded to aromatic = orbitals, !4
They calculated that 3% of the N-H groups were bonded to 7 orbitals in an amorphous
one-phase PU. From the results of these studies, the value of N-Hyy,,, appears to be on
the order of 10% for a wide variety of polyurethanes of varying chemistry and
morphology.

C.1. Polymer M-0-I. At room temperature, approximately 57% of the urethane
carbonyls in sample M-0-1 were hydrogen bonded. Since N-H;- is zero for the

unquaternized polymer, Equation V-4 indicates that 43% of N-H groups are either free
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or bonded to ethers and "others". Although the fraction of free N-H groups can not be
calculated with confidence, previous estimates!®-129:130.141 g5 ap/ap between 3.1 to 5.6
suggest a number far less than 43%. This implies that a substantial fraction of N-H
groups in M-0-I are hydrogen bonded to ethers of the PTMO soft segment. Such a result
is not surprising since results of Chapter III showed that this polymer is primarily a mixed
hard-segment/soft-segment one-phase material. According to the stoichiometry shown in
Figure II-1, there are roughly two times as many ether groups available as carbonyl
groups if the polymer lacks phase separation. Further evidence for hydrogen bonding to
ethers is obtained from the frequency of the N-H stretching vibration assigned to
“traditional” hydrogen bonding. In sample M-0-I, » is 3300 cm™ at room temperature,
as compared to 3326 cm™ in both M-50-1 and M-100-L Using infrared spectra of
segmented polyurethanes with monodisperse hard segments of varying length, Christenson
and co-workers''? assigned N-H stretches at 3321-3328 cm! and 3258-3265 cm'l to N-H
groups hydrogen bonded to urethane carbonyls and polyol ethers, respectively. They
found that the band at ~ 3260 cm™ increased in area with decreasing hard segment length,
and was especially prominent in systems which lacked phase segregation. Also, the band
was not observed in infrared spectra of the hard segment analogs. Through FTIR
temperature studies, Lee et al.' also associated a band at 3295 cm™ with N-H groups
bonded to ethers in phase-separated polyurethanes. For sample M-0-1, we might therefore
expect that the "traditional" hydrogen bonded band at 3300 cm™ is a superposition of

broad distributions attributable to N-H groups hydrogen bonded to ethers and
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carbonyls. Evidence of a slight splitting of the two bands may in fact be present in the
spectra of Figure V-7a obtained during cooling the unquaternized polyurethane from
140°C.

As the unquaternized polymer is heated from 30 to 140°C, the fraction of
hydrogen bonded carbonyls increased from an estimated 0.57 to 0.72. To reiterate, this
trend is in the opposite direction of that usualty observed. If the only interactions present
were N-H and carbonyl groups, the fraction of free N-H groups would have to decrease
by 0.15 over the same temperature range. Although a trend in the number of free N-H
groups with temperature cannot be stated with confidence, a decrease of 0.15 in the
fraction of free N-H groups would certainly be evident and outside the range of
experimental error, since probably no more than 15% of the N-H groups are free at
30°C. Further, a transformation of free to hydrogen bonded N-H groups with increasing
temperature is inconsistent with equilibrium considerations. This discrepancy can be
explained by again considering the bonding of N-H groups to ethers of the soft segment.
As temperature is increased, the fraction of N-H groups hydrogen bonded to ether
oxygens decreases, while the fraction hydrogen bonded to carbonyl groups increases. - If
the band assignments of Christenson and co-workers discussed in the preceding paragraph
are correct, then an increase in » with increasing temperature would be expected for the
hypothesized redistribution of N-H hydrogen bonds. This is precisely what is observed
for the "traditional” hydrogen bonded N-H stretching vibration of sample M-0-1. Finally,
the proposed shift in N-H bonding from ether oxygens to urethane carbonyls is consistent

with equilibrium considerations as outlined below. A simplified picture of the competing
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equilibria can be represented by the hypothetical reaction

C=0 + N-HmOR, “= N-HwO=C + OR, (a)

Reaction A can be considered a sum of the primary Reactions B and C
N-HmOR, “= N-H + OR, (B)

N-H + C=0 == N-HmO=C (C)
The greater frequency shift for N-H groups hydrogen bonded to ether oxygens, as
compared to that for carbonyls, is evidence that the enthalpy of Reaction B is greater than
the enthalpy of Reaction C. Hence, Reaction A is endothermic and the equilibrium
position shifts to the right as temperature is increased.

C.2. Polymer M-100-I. Approximately 55% of the carbonyl groups in the fully
ionized polymer are hydrogen bonded at room temperature. Although the fraction of free
N-H groups can not be determined with any relative confidence, N-Hg. appears
negligible from the following crude analysis. The area of the free N-H stretching band
is 0.13% of the total area of the N-H region. From the total areas of Figure V-9, the
average absorptivity coefficient for the N-H stretching region, a,,,, of M-100-I is around
1.6 times greater than for M-0-I at 30°C. Using a conservative value of ap/ap=6.2 for
the "traditional” hydrogen bond, then «,,./cy is about 10 for M-100-I, and just over one
percent of the N-H groups are free. Even if the area of the free N-H band (or the
estimate of the ratio of absorptivity coefficients) is off by a factor of 2 or 3, N-Hg,, is

only a few percent. N-Hgy,, is also assumed comparatively small, since results of
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Chapter III indicate little phase mixing in the fully quaternized PU. If from these

arguments, an estimate of 15% is made for the sum of N-Hg,. + N-Hgy,., + N-Hgy,, in
Equation V-4, then roughly 30% percent of the N-H groups are hydrogen bonded to the
anions. As shown in the chemical structure of Figure II-1, the ratio of N-H groups to
iodine atoms is 3:1, which suggests approximately one N-H group is hydrogen bonded
to each anion. With no crystalline order in the hard domains, a loose arrangement of the
hard segments with a number of possible interactions might be expected, as schematically
depicted in Figure V-16. Such an arrangement, with a large number of relatively strong
N-H to anion interchain associations, can satisfactorily explain the tremendous increase
in tensile properties of the PU cationomers on ionization. In Chapter III, sample M-100-I
exhibited a Young’s modulus of 430 MPa as compared to 9.1 MPa for M-0-1, and

85 MPa for a conventional PU with semicrystalline hard segments and the same fraction
of PTMO. An arrangement like Figure V-16 is also consistent with the earlier
observation that no small-angle X-ray scattering peak exists that is attributable to ionic
aggregation within the hard domains. if most or all of the iodine atoms are "coupled” to
N-H groups, steric restrictions would reduce the likelihood of the ammonium groups
aggregating.

When the temperature of M-100-I is increased from 30 to 140°C, the fraction of
hydrogen bonded carbonyls increases from approximately 0.55 to 0.69. In the N-H
stretching region, a parallel increase in the fraction of N-H groups hydrogen bonded to
carbonyls is observed, while the concentration of N-H groups hydrogen bonded to iodine

atoms decreases. Although we can not quantify the trends in the N-H region, the results
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conclusively indicate a shift in the distribution of N-H hydrogen bonding from the anions
to carbonyls with increasing temperature. The results of Figure V-7c¢ show that the
process' is reversible to at least 140°C, just above the upper transition in the DMTA scan
of Figure V-17. An analogous explanation to Reactions A-C can be given for the shift
in N-H bonding at elevated temperatures, since the frequency of the anion-bonded N-H
stretching vibration is also lower than for N-H groups hydrogen bonded to carbonyls.
C.3. Polymer M-50-I. Results from Chapter III suggested a two-phase
morphology, with considerable phase mixing, for the 50% quaternized polymer. This
prohibits even a crude mass balance like that employed for M-0-1 or M-100-1, since
Equation V-4 contains too many unknown terms. In spite of this limitation, some
important observations can still be made. First, sample M-50-I again shows an increase
in the number of hydrogen bonded carbonyls on heating. Fractions of 0.61 at room
temperature and 0.79 at 140°C are somewhat higher than for the fully ionized cationomer,
an outcome that might be expected since fewer anions are available for bonding to N-H
groups in the lower ion content PU. Secondly, a shift in N-H bonding from the iodine
atoms to the carbonyl groups again appears to be the most prominent change on heating,
confirming the results of sample M-100-1. Finally, since the changes are reversible to at
least 140°C, and the upper DMTA transition of M-50-I is well below this temperature,
these results conclusively indicate that the flow transition for the PU cationomers is also
reversible and therefore not caused by dequaternization. In fact, the evidence suggests
that the interchain N-H to anion bonds are the primary interaction which "holds the

polymer together," so the flow transition is likely a direct consequence of the observed
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Figure V-17. E’ and E" for the M-##4-I polymers. Data were replotted from
Figures III-1 to III-3. The vertical dot-dash line at 140°C demarcates the approximate
maximum temperature at which the infrared spectra are reversible.
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change in N-H bonding at elevated temperatures. This statement could not be made from
the results for M-100-I, where flow and dequaternization (although slight) occur

simultaneously.

D. Summary

The carbonyl stretching region of the infrared spectra of all three PUs display two
bands, attributed to hydrogen bonded and free carbonyl groups. For sample M-0-1, the
N-H stretching region contains bands assigned to free and "traditional" hydrogen bonded
N-H groups. The unquaternized sample is one-phase, and thus the "traditional” hydrogen
bonded band likely contains contributions from N-H stretching vibrations where urethane
carbonyls and soft-segment ethers are the proton acceptors. In the N-H region of the
infrared spectra of the quaternized polyurethanes M-50-I and M-100-I, most of the
“traditional" proton acceptors are urethane carbonyls, since these materials are microphase
separated. An additional N-H stretching band, assigned to N-H groups hydrogen bonded
to the anions, is also observed. The N-H to anion bond is stronger than the "traditional”
hydrogen bond, and these interchain ties are apparently the specific interaction responsible
for the microphase separation and excellent mechanical properties of the PU cationomers.
A semiquantitative N-H group balance for the fully ionized cationomer suggests that
roughly one N-H group is bonded to each anion; aggregation of ionic groups within the
hard domains is therefore unlikely, though not precluded.

In all three polymers, the fraction of free carbonyl groups decreases with

increasing temperature. This trend is in the opposite direction of conventional PUs with
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semicrystalline hard segments. A redistribution of N-H hydrogen bonding on heating,
from the ether groups to urethane carbonyls, is proposed to explain this result for the
unquaternized PU. In M-50-I and M-100-1, a similar change occurs with hydrogen
bonding of N-H groups shifting from the anion to carbonyl groups with increasing
temperature. Both events are fully reversible to a maximum temperature of approximately
140°C, beyond which dequaternization of the ammonium groups becomes significant.
Although there were no obvious transitions in the infrared temperature spectra which
directly correlate with the upper transition in dynamic mechanical thermal analysis, results
strongly suggest that the flow transition in the PU cationomers is associatéd with this

steady shift in N-H bonding from the anion to carbonyl groups.
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Chapter VI. Investigation of the Microphase Separation Transition
A. Introduction

In the preceding Chapter, results of FTIR temperature studies suggested that the
specific interaction responsible for the substantial increase in mechanical properties of the
PU cationomers is hydrogen bonding of urethane N-H groups to the neutralizing anion
of the trialkylammonium group. Further, the viscous flow transition in dynamic
mechanical thermal analysis appears related to the observed shift in N-H bonding from
the anion to urethane carbonyls at elevated temperatures. Also, results presented in
Chapter IIT showed that the unquaternized precursor polymer is essentially a one-phase
material. This raises the obvious question: If hydrogen bonding between N-H groups and
anions is the primary driving force for microphase separation in these polymers, and the
number of N-H to anion bonds diminishes at elevated temperatures, then do the PU
cationomers pass through a microphase separation transition (MST) at temperatures near
the onset of viscous flow?

The MST or order-disorder transition has been extensively studied in diblock and
triblock copolymers. Various experimental techniques such as small-angle X-ray
scattering (SAXS),'*' differential scanning calorimetry (DSC),"'2 and melt
theology"*'% have been used to distinguish between homogeneous and heterogeneous
morphologies. In spite of their commercial importance, far fewer investigations of the
MST have been reported for segmented PU elastomers. Using a combination of SAXS
and DSC, Koberstein and co-workers'®!® concluded that the onset of microphase mixing

in polyurethanes with hard segments of MDI and butanediol (BD) was at temperatures
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below the melting point of the microcrystalline hard domains (T,). Isothermal
crystallization below the apparent MST temperature (T,;) occurred within the confines
of existing hard domains, since microphase separation preceded crystallization. At
temperatures between Tysr and T,, hard segment crystallization took place from a
homogeneous melt." Koberstein and Galambos also investigated the origin of multiple
melting endotherms in this material.”> Simultaneous SAXS-DSC experiments, and wide-
angle X-ray diffraction profiles at various temperatures, suggested that the endotherms
were associated with distinct crystal populations of different melting points. Since the
melting occurred at temperatures above Tyr, melted hard segment material at each
endotherm spontaneously mixed with the soft microphase. The onset of microphase
mixing was indicated in SAXS results by a drastic decrease in the invariant over a
temperature range of 30-40°C, and a coincident sharp increase in the long period, with
complete disappearance of the interference peak above T,.'® Almost identical
observations were reported by Chu and co-workers in SAXS temperature studies of a
similar polyurethane with MDI/BD hard-segments.'®! In a separate study, they also used
SAXS to measure the kinetics of structure development in segmented PUs quenched from
the homogeneous melt to temperatures below Tysr.'> Ryan er al. examined the order-
disorder transition in a multiblock polyurethane with amorphous hard domains.'® Like
the polyurethanes with semicrystalline hard segments, SAXS profiles of the amorphous
PU showed a sharp decrease in the invariant as the temperature increased through the
MST, with a corresponding abrupt change in the Bragg spacing. Also, rheological

experiments showed that the low-frequency shear storage modulus decreased by roughly
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1 order of magnitude as the temperature was increased through the MST, with less
temperature dependence above and below the transition.

In this Chapter, the prospect of a MST in the polyurethane cationomers was
investigated using SAXS and rheological techniques. Since the experimental temperature
range was limited> by dequaternization, MST studies of a segmented PU with
semicrystalline hard domains and a binary mixture of diblock copolymers were used for

comparison.

B. Results and Discussion

B.1. Dequaternization studies. Thermal studies of any polymer system can be
jeopardized by decomposition, and the ammonium groups of cationomers which are labile
at high temperatures are of concern here. The extent of dequaternization is clearly a
function of both time and temperature. However, as opposed to performing a full kinetic
study, only the upper temperature at which dequaternization would not significantly affect
results was determined. Using a rotating anode X-ray source for SAXS experiments, data
collection times of 2 to 4 hours were anticipated at each temperature. The percent
dequaternization that might occur during SAXS measurements was estimated by heating
thin polymer films (0.2 mm) in a nitrogen atmosphere for 3 hours. Results of the test for
the cationomer M-100-1I are given in Table VI-1 , Where the percent dequaternization was
defined according to weight loss and the elemental iodine content (Galbraith
Laboratories). For calculations based on the percentage weight loss, a Hoffmann-type

elimination was assumed in which hydroiodic acid and trimethylamine are the elimination
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Table VI-1 |
Extent of Dequaternization as Measured by Weight Loss and Iodine Content

Percent Percent Dequaternization
Temperature® (°C) %I Weight Loss I Basis Weight Basis®
Initial 11.87 --- - —
110 11.50 0.8 3 5
145 10.77 3.8 9 25
180 4.53 15.9 60 110

? 3 hours in dry nitrogen.
® Assumes Hoffman-type elimination.
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products. Charlier er al. found that this mechanism was the most likely mode of end
group degradation in telechelic polystyrenes with quaternary ammonium end groups.'®
Two points can be readily inferred from the results of Table VI-1. First and most
importantly, the upper temperature limit for SAXS experiments will be somewhere in the
range of 110 to 140°C. In determining this limit, the assumption was made that a few
percent dequaternization will not significantly alter the cationomer morphology.
‘Secondly, an additional mechanism(s) of degradation is evident since levels of
dequaternization calculated from weight loss were always greater than levels determined
from iodine content, and the Hoffmann-type elimination has the maximum theoretical
weight loss of dequaternization. Results suggest the second type of degradation occurs
at temperatures as low as 110°C. Some mode of degradation catalyzed by the hydroiodic
acid eliminated during dequaternization is likely, since PUs typically show much better
thermal stability.

Although a few percent dequaternization is tolerable in SAXS studies, this is not
true for rheological experiments where subtle transitions in viscoelastic properties were
investigated. To define experimental conditions where essentially no dequaternization
occurs, the weight loss and elemental analysis methods of quantifying dequaternization
are not accurate enough. However, experiments in Chapter V suggested that the N-H
stretching region of infrared spectra was very sensitive to even small levels of
dequaternization. The following procedure was developed to determine the upper
temperature limit for rheological experiments. The cationomers M-100-I and M-50-

were heated in a nitrogen atmosphere from room temperature to some elevated
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temperature in 2 to 3 minutes, held at temperature for 20 minutés, then cooled back to
room temperature in 5 to 7 minutes. FTIR spectra were recorded before and after
heating, and compared to determine if the process was reversible. In addition to looking
for qualitative differences in the spectra, before and after spectra were compared
mathematically. Assuming that the after spectrum can be "mapped” onto the before
spectrum with an offset constant B and multiplication factor M according to

Equation VI-1,
AAfter(v) = Mx ABefore(v) +B (VI-l)

then the linear least-squares fit of the absorbances A over all wavelengths » yields a
correlation coefficient e that quantifies the similarity in shape of the spectra before and
after heating. The constant B eliminates the effect of slight differences in baseline
subtraction, while M adjusts for small errors in normalization for sample thickness.
Correlation coefficients for both cationomers at temperatures from 130 to 180°C
are given in Table VI-2, with the before and after spectra of the N-H stretching region
displayed in Figure VI-1 for M-100-1 and Figure VI-2 for M-50-1. At least 12 samples
of each cationomer were correlated to each other prior to heating. Sample to sample
comparisons of M-100-I all gave values of e greater than 0.990, and greater than 0.995
for M-50-1. These values were used as the criteria to determine if before and after
spectra at a given temperature were "identical.” Heating for 20 minutes at 170°C and
higher clearly resulted in irreversible changes to the N-H stretching region of both

cationomers. At temperatures at or below 140°C, the process for both cationomers
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Table VI-2
Dequaternization as Indicated by Changes in the N-H Stretching Vibration
M-100 M-50
Detectable® Detectable®
Temperature?® (°C) €  Dequaternization € Dequaternization

130 0.997 No 0.998 No

140 0.998 No 0.999 No

150 0.984 Marginal 0.999 No

160 0.983 Marginal 0.999 No

170 0.868 Yes 0.986 Yes

180 0.776 Yes 0.938 Yes

* 20 minutes in dry nitrogen.

® See text for criteria.
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appears fully reversible. The heating of sample M-100-I to temperatures between 150 and
160°C was only slightly irreversible as evidenced by a subtle convergence of before and
after spectra around 3350 cm™, and correlation coefficients just below 0.990. For sample
M-50-1, values of e would imply reversibility at 150 and 160°C. However, the subtle
convergence around 3350 cm™ described for M-100-I was also evident for the sample
M-50-1. Based on these results, a maximum temperature of 150°C was selected for
dynamic viscoelastic measurements.

Results of the brief dequaternization study also suggested that further investigation
of the MST for the cationomer M-100-I would be fruitless, since experiments in the
temperature regime of viscous flow would be compromised by dequaternization.
However, the upper transition in DMTA spectra of sample M-50-1 (Figure V-17) is only
around 85°C. A "temperature window" therefore exists, between the onset of viscous
flow and the experimental temperature limits defined by dequaternization, where a
homogenous melt might exist.

B.2. SAXS temperature studies. Figure VI-3 shows SAXS profiles of the
cationomer M-50-I, at temperatures from 30 to 130°C, after subtraction of background
scattering. Data collection times ranged from 4 hours at room temperature to 2 hours at
110 and 130°C. The SAXS curve at room temperature displayed a single interference
maxima at q=0.65 nm’. In Chapter I, this peak was attributed to a periodic
arrangement of lamellar hard and soft domains analogous to that found in conventional
PU elastomers. From 30 to 70°C, the intensity of the peak increased approximately 10%,

while the position of the peak was essentially unchanged. Above 70°C there was a clear
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change in the scattering curves, as thé intensity of the maxima decreased substantially and
the peak position shifted to lower wavevectors with increasing temperature. The decrease
in intensity was much greater than might be explained by dequaternization, because u was
constant (within experimental error of 5%) before and after SAXS data collection at all
temperatures. This indicates that less than 7% dequaternization occurred, since iodine
atoms absorb greater than 75% of the X-rays.

Differences in morphology as a function of temperature were quantified by first
multiplying the scattered intensity by ¢®. Bragg’s law was applied to the peak of the
corrected profile to evaluate the interlamellar spacing L, ,, while the extent of microphase
mixing was reflected in the total integrated scattered intensity, or invariant Q, given by
Equation 1I-4. Morphological parameters are summarized in Table VI-3, and displayed
graphically as a function of temperature in Figure VI-4. Also included in Figure VI-4 is
data from Galambos for a segmented PU with semicrystalline hard domains of
MDI/BD.'®  Three temperature regions are generally observed for conventional
polyurethanes. Atlow temperatures, Q increases with temperature while the interdomain
spacing may increase slightly or remain constant. Previous researchers have postulated
a variety of phenomena that could explain the trends in this region including increased
purity of the microdomains, ' and thermal expansion.!61:16*16 Next, a temperature regime
exists where the invariant decreases sharply with increasing temperature. Since the
invariant is independent of the size and shape of the domains, the sharp decrease in Q

results from microphase mixing and the consequent loss of electron density contrast as
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Figure VI-4. SAXS invariant and interlamellar repeat distance of the cationomer M-50-1
(symbols) from patterns of Figure VI-3. Also included is data from Galambos for a PU
with MDI/BD hard segments (lines).!® All data were normalized to the values at 30°C.




Table VI-3

SAXS Parameters at Various Temperatures
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Lip Qv

Temperature (°C) (nm) (nm™)
30 9.6 31000

50 9.5 32600

70 9.5 35800

90 10.0 31100

110 10.3 25900

130 10.9 20700
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indicated by the Equation II-5. Above Ty the invariant plateaus, and the interdomain
spacing becomes ill-defined as the interference peak decays beyond distinction.

Although the highest experimental temperature for M-50-1 was limited to 130°C
by dequaternization, the same general behavior was observed. Only the plateau region
at high temperatures was absent. From 30 to 70°C, the invariant increased 15%, while
the interlamellar distance was unchanged. In the transition region between 90°C and the
maximum experimental temperature of 130°C, the repeat distance increased approximately
15% and the invariant decreased over 40%. For the PU cationomers, these resultS
indicate that considerable intersegmental mixing accompanies the onset of viscous flow
and shift in N-H bonding from the anions to urethane carbonyls. However, some
evidence of the heterogeneous lamellar structure still exists in the melt to temperatures
of at least 130°C.

B.3. Dynamic viscoelastic properties. The rheological properties of the
cationomer M-50-1 are shown in Figure VI-5, where G’ and G" are plotted versus
frequency at various temperatures from 60 to 150°C. At temperatures up to
approximately 100°C, complex rheological behavior with a relatively weak w-dependence
was observed. At the lowest frequencies, both G’ and G" approached the lines
proportional to w'? that have been observed in previous investigations of ordered diblock
and triblock copolymers.””®*!6%167 The w-dependence of G’ and G" increased with
increasing temperature, although at 150°C the storage modulus still had a slope less steep
than the line G’ ~ »” which is expected for homopolymers and disordered copolymers.

At 150°C, the loss modulus closely matches the anticipated result G" ~ w for
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Figure VI-5. Dynamic storage modulus G’ (top) and loss modulus G" (bottom) of M-50-1

in the temperature interval 60-150°C.
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homogeneous polymer melts. In Figure VI-6, the same G’ data are replotted as
isochronal temperature curves. Symmetric monodisperse diblock and triblock copolymers
frequently show a sharp discontinuity in G’ at Tyg; at low frequencies.!>>1%615% At
increased frequencies, the transition broadens and shifts to higher temperatures. A
discontinuous drop in G’ was not observed for the PU cationomer at even the lowest test
frequency of 0.063 rad/s. However, a relatively sharp decline was observed starting
around 110°C. Similar results, shown by the dashed line of Figure VI-6, were reported
by Almdal et al.'® for a binary mixture of diblock copolymers of the same composition
but different block lengths. Their results showed that even modest asymmetries and
polydispersities of the blocks led to a order-disorder transition with continuous character.
They speculated the broad transition was a biphasic region, where the fraction of thé
disordered phase increased with increasing temperature.

Applying this reasoning to the PU cationomers, an even wider MST might be
expected. Not only are the distributions of chain molecular weight and segment lengths
for polyurethanes considerably broader, but individual hard-segments of the M-50-I
cationomer may contain anywhere from 0 to 100% of the ionic chain-extender responsible
for microphase separation. Isochronal curves at higher frequencies were shifted to higher
temperatures as expected, but the w-dependence was less than is often noted for diblock
and triblock copolymers. Gouinlock and Porter reported that the greatest frequency
dependence occurs around the critical reduced frequency for the polymer, above which
no domain disruption occurs.'® The critical frequency is a strong function of molecular

weight as well as the copolymer composition. For the segmented PU cationomers,
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extraction of individual chain segments from a domain would likely have a relatively short
relaxation time due to the smaller block lengths compared to diblock and triblock
copolymers. A shorter relaxation time corresponds to a higher critical frequency, which
for the sample M-50-I is apparently above the greatest test frequency of 100 rad/s. A
weak w-dependence was also recently shown for a styrene-isoprene diblock copolymer
with liquid-like order (i.e. the domains were not ordered onto a lattice) by Adams and
co-workers. !¢

B.4. Comparison of SAXS and melt rheology. In Figure VI-7, the SAXS
invariant is superimposed on a semi-log plot of G’ versus temperature at w=0.063 rad/s.
Both techniques indicate a broad and continuous transition, with no "plateau” regions
corresponding to a homogenous melt. At first glance, the temperature range of the
transition seems to differ for the two methods. However, one must remember that only
the onset and part of the breadth of a relatively wide transition are observed. The initial
decrease in the SAXS invariant, at around 70°C, marks the temperature at which
segmental mixing first occurs. If we assume that the biphasic model of Almdal ez al.'®
reasonably explains the rheological transition, then the onset at approximately 110°C
might be thought of as the point at which some tiny fraction of the melt behaves like a
homopolymer. One would expect this to transpire at a higher temperature than the onset
of segmental mixing. In Ryan and co-workers’ investigation of the order-disorder
transition in amorphous segmented polyurethanes, a similar difference in the "onset"

temperature is observed, with the initial decline in the SAXS invariant just above 100°C

and the abrupt drop in the low-frequency storage modulus starting at 148°C.'®
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C. Summary

Both SAXS and rheological experiments show considerable microphase mixing
near the onset of viscous flow. The SAXS invariant begins decreasing between
70 and 90°C, and drops over 40% by 130°C. An increase in the w-dependence of G’ and
G" starts around ilO°C, and at 150°C the rheological behavior approaches that of a
homogeneous copolymer or homopolymer melt. When replotted as a function of
temperature, a sharp but continuous decrease in the low-frequency storage modulus is
apparent beginning at 110°C. Results of the two techniques are consistent with the onset
of a broad microphase separation transition, and agree qualitatively with investigations of
the MST in more conventional multiblock copolymers and less-ordered diblock and
triblock copolymers. Although a transition in microstructure is suggested, and extensive
intersegmental mixing clearly occurs, a homogenous melt was not observed.
Dequaternization limited the upper temperature of SAXS and rheological experiments to
130 and 150°C, respectively, and a heterogeneous lamellar microstructure was still

evident in the melt at the highest temperatures.
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Chapter VII. Conclusions and Recommendations

Novel polyurethane cationomers with pendant trialkylammonium groups were
synthesized using ionic chain extenders. The morphology and physical properties of the
polymers were investigated as a function of ion content, alkyl group length, and
neutralizing anion. Bulky pendant groups on the chain extenders, attached to asymmetric
carbon atoms, prevented crystallization in the hard domains. In the unionized polymers
little or no phase separation was evident, and the materials were adhesive-like at room
temperature. Addition of cationic groups dramatically improved phase separation and
mechanical properties; the tensile modulus of the cationomers chain-extended with 100%
ionic diol was around 500 MPa, as compared to less than 10 Mpa for the unionized
polymers and 85 Mpa for a conventional polyurethane with the same hard segment
content. Within the range of variables tested, the ionic content affected phase separation
and mechanical properties the most, the alkyl group length was of secondary impo;tance,
and the type of neutralizing anion had essentially no effect.

In spite of the fact that ionic interactions were the primary driving force for phase
separation, small angle X-ray scattering (SAXS) and tensile results indicated a lamellar
morphology akin to conventional polyurethanes with semicrystalline hard segments, rather
than a typical ionomer microstructure. Further, neither SAXS patterns or extended X-ray
absorption fine structure (EXAFS) spectra showed any evidence of ion aggregation within
the lamellae. Results of Fourier transform infrared (FTIR) temperature studies showed
that the interurethane N-H to C=0 hydrogen bond found in typical polyurethanes was

replaced by a stronger interaction between urethane N-H groups and the neutralizing
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anion. A mass balance of functional groups suggested that roughly one N-H group is
hydrogen bonded to each anion. These interchain ties are apparently the specific
interaction responsible for the increased phase separation and excellent mechanical
properties of the polyurethane cationomers.

On heating, a redistribution of N-H hydrogen bonds frorﬁ the anion to urethane
carbonyls was observed. The process was reversible to a maximum temperature of
. approximately 140°C, beyond which dequaternization of the ammonium groups was
significant. Since the N-H to anion bonds are the primary interaction which "hold the
polymer together," and the upper transition in dynamic mechanical thermal analysis was
below 140°C for some cationomers, the flow transition is presumably a direct
consequence of this steady shift in N-H bonding from the anion to carbonyl groups. Even
though the number of N-H to anion bonds responsible for phase separation decreased at
elevated temperatures, SAXS and rheological experiments showed that the lamellar
microstructure persisted into the melt. However, results also indicated that macroscopic
flow was accompanied by considerable intersegmental mixing, consistent with the onset
of a broad microphase separation transition.

At the onset, the two main goals of this research were to systematically investigate
the effect of ion-related variables on the microstructure and physical properties of
polyurethane cationomers, and to obtain a greater fundamental understanding of the
specific interactions in these systems. To a large extent, both objectives were met;

however, a number of areas for further research are suggested.
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With respect to polyurethane cationomers with pendant trialkylammonium groups,
the investigation of the microphase separation temperature wés limited by
dequaternization. Materials should be synthesized using isocyanates more flexible than
MDI, such as hexamethylene diisocyanate or isophorone diisocyanate, in order to lower
the temperature of the viscous flow transition. Since the kinetics of dequaternization are
likely not affected by the type of isocyanate, this would allow a wider "temperature
window" for thermal studies in the melt. Further, SAXS data could be taken at higher
temperatures and closer intervals at a synchrotron X-ray source, where the intensity of
the source is orders of magnitude greater than a rotating anode.

The uncertainty in the distribution of hydrogen bonds in FTIR studies would also
be reduced using aliphatic diisocyanates, since the 7 electrons of MDI aromatic groups
can hydrogen bond. Elimination of the soft segment from the polyurethane would also
reduce the number of proton acceptors, further improving the accuracy of the functional
group balance.

All of the general conclusions regarding the relative effects of various ion-related
variables and the nature of the specific interactions in polyurethanes with pendant
ammonium groups are probably also applicable to urethanes where the quaternized amine
is in the polymer backbone. However, this assumption should be tested, with the relative
strengths of interactions compared in both systems.

Finally, the techniques employed in this thesis could be extended to study other
polyurethane systems. Polyurethane anionomers with either carboxylate or sulfonate

functionality are commercially used in aqueous dispersions, but like the cationomers the
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specific interactions are not well understood. Previous investigations show some evidence
of ionic aggregation within the hard domains of polyurethane anionomers;* however,
more complex interactions may also occur with the number of different functional groups
available. In blends of polyamide and sulfonated polystyrene, a variety of specific
interactions were postulated to explain the observed miscibility enhancement versus
unfunctionalized polystyrene, including: strong attractions between the amide carbonyl
and some neutralizing cation.s, complexation of transition metal cations and the amide
group, and hydrogen bonding between the amide N-H and sulfonate groups.’®!”! Recent
work in this research group also indicates that coordination interactions can enhance phase
separation and hard domain cohesion in polyurethane multiblock copolymers.®® When
acetates of various transition metals were blended with a pyridine-containing polyurethane,
the tensile modulus increased by as much as 35 times that of the precursor polymer.
Although coordination of the pyridine nitrogens and transition metals is expected to be the
primary mechanism responsible for the dramatic increase in mechanical strength, proof
of this model has not yet been obtained, and a number of other interactions are again

possible.
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